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FOREWORD
The National Ignition Facility (NIF) requires approximately 7,500 large optical compo-

nents, including laser glass amplifier slabs, fused silica lenses, windows and diffractive
optics, multilayer mirror and polarizer coatings, and crystals for optical switching and
frequency conversion. The Beamlet laser, a scientific prototype of NIF, demonstrated that
NIF-size optics could be manufactured to meet the NIF performance requirements. The
technologies used to make these optics, while appropriate for Nova and Beamlet, are not
suitable for NIF because of the large number of optics needed, the short time frame for
producing these optics, and the aggressive cost targets for NIF. To meet these challenges,
LLNL and U.S. optics companies have been engaged in a development, facilitization, and
pilot production effort started in 1995 to implement the technologies, equipment, and
manufacturing facilities needed for the NIF. Most of the companies producing optics for
NIF are currently in the middle of or preparing for the pilot production campaigns to
demonstrate these technologies.

About 40% of the NIF optics are amplifier slabs fabricated from phosphate laser glass.
For all previous ICF laser systems at LLNL and elsewhere in the world, this laser glass
has been produced using a batch melting process. Utilizing batch melting technology for
the NIF would not meet the cost targets, approximately three times lower than for
Beamlet, and would have substantial schedule and performance risks. Schott Glass
Technologies of Duryea, Penn., and Hoya Optics of Fremont, Calif., jointly funded by
LLNL and the French Commissariat à l’Energie Atomique (CEA), have developed contin-
uous melting technology and built the melting systems needed to produce the laser glass
for NIF and the CEA’s Laser Megajoule (LMJ). Zygo of Middlefield, Conn., and Eastman
Kodak of Rochester, N.Y., have demonstrated several technical advances for fabricating
amplifier slabs rapidly, efficiently, and deterministically. 

SVG-Tinsley has substantially improved its technologies for rapid fabrication of fused
silica blanks into lenses and windows. LLNL, SVG-Tinsley, and Eastman Kodak have all
made significant progress in understanding the factors that affect laser damage of fused sil-
ica optics at 351-nm wavelength, and altering the fabrication process to improve the dam-
age resistance of these optics.  Utilizing diffractive optics technologies developed for the
LLNL Petawatt laser and for Nova, prototype NIF diffractive optics structures have been
fabricated and demonstrated to meet virtually all of the NIF requirements. 

Technologies used to create the multilayer mirror and polarizer coatings have been
improved substantially by Spectra-Physics of Mountain View, Calif., and the Laboratory
for Laser Energetics at the University of Rochester, N.Y. Improvements include much
greater determinism in coating thickness to improve coating yields (not covered in this
issue),  and significantly greater laser damage resistance. Sol-gel antireflection (AR) coat-
ings applied to fused silica and crystal optics have also been modified to improve their
resistance to organic contamination. Work has started to better understand and reduce
the sensitivity of crystal AR coatings to humidity.

Beam dumps in the NIF target chamber must survive significant x-ray, laser, ion, and
shrapnel exposures without generating excessive vapors or particulates, which in turn
would contaminate optics in the final optics assembly. A simple, inexpensive concept uti-
lizing louvered stainless-steel panels has been demonstrated and adopted for NIF.

L. Jeffrey Atherton
Scientific Editor
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The laser systems for the U.S. Depart-
ment of Energy (DOE) National

Ignition Facility (NIF) at Lawrence
Livermore National Laboratory (LLNL) and
for the French Commissariat à l’Energie
Atomique (CEA) Laser Megajoule (LMJ)
consist of 192 and 240 laser beamlines,
respectively.1–4 Each beamline contains
either 16 (NIF) or 18 (LMJ) large, Nd-doped
laser glass slabs, and each finished laser
glass slab is about 81 × 46 × 4.1 cm3. A total
of 3072 and 4380 slabs will be installed on
the NIF and LMJ, respectively (Table 1). In
addition, each facility plans to purchase
approximately 10% more slabs to be used as
construction and operation spares. Thus,
nearly 8150 laser glass slabs will be needed
for the two laser systems, representing a
volume of about 125 m3 (330 metric tons) of
finished, high-optical-quality glass. The
quantity of raw glass that must be melted is

greater than 330 metric tons to account for
various processing losses. 

Both the NIF and LMJ use a compact
laser amplifier design called the multiseg-
ment amplifier (MSA).5–7 Amplifiers consist
of stacked 4 × 1 arrays of laser glass slabs
inside a flashlamp-pumped cavity (Figure 1).
By using square apertures (i.e., square
beams), it is possible to tightly pack the indi-
vidual laser glass amplifiers into a compact
matrix and greatly reduce the size and cost
of the system. This design requires that the
laser glass be manufactured in rectangular
slabs. Although the laser aperture is square,
the laser slabs are rectangular because they
are mounted at Brewster’s angle to the prop-
agation direction of the beam. Mounting the
glass at Brewster’s angle minimizes the
Fresnel reflection losses at the surfaces of the
slabs. In addition, mounting at an angle
increases the coupling efficiency of the 
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FIGURE 1. Assembly
drawing of two 4 × 2
amplifier units to be
used on the NIF. The 
81- × 46- × 4.1-cm3 laser
slabs are held in a frame
that is mounted at
Brewster’s angle within
the amplifiers.
(70-00-0199-0056pb02)

TABLE 1. Quantity of laser glass required for the LMJ and NIF projects.

Variable NIF LMJ

Number of beamlines 192 240
Number of slabs/beamline 16 18
Spares 10% 10%
Total number of slabs (including spares) 3380 4752
Finished slab dimensions (cm3) 81 × 46 × 4.1 81 × 46 × 4.1
Volume per slab (L) 15.3 15.3
Total volume (m3) 52 73
Mass (metric tons) 136 190



• High net gain.
• Efficient energy storage at high ener-

gy density.
• Efficient extraction of stored energy.
• Resistance to laser-induced damage.
• High optical homogeneity to allow

light to propagate with negligible
wavefront aberration.

Of these five properties, the first three
relate to spectroscopic and optical prop-
erties of the glass, and the last two to
glass quality.

Spectroscopic and 
Optical Properties

It can be argued that the most impor-
tant laser glass spectroscopic and optical
properties are the emission cross section,
fluorescence lifetime, and nonlinear
index of refraction. The emission cross
section and fluorescence lifetime largely
control the gain, energy storage, and
extraction efficiency of the laser glass.
The nonlinear index strongly impacts
beam quality, particularly noise growth
at the high operating intensities required
for the NIF. 

Compared to repetition-rated lasers
that fire at frequencies of several hertz,
the NIF will be essentially a single-shot
device with a few hours between shots.
Therefore, the physical properties of
glass tend to be of less importance for
the end-use application. Nevertheless,
the physical properties of glass can 
be very important to the successful 
manufacturing and handling of NIF 
laser glasses.

Gain, Stored Energy, and
Extraction Efficiency

The amplification of a laser pulse
passing through a laser gain medium
(e.g., laser glass) of length z can be 
modeled using the well-known Frantz–
Nodvik equation.10 This equation relates
the output fluence Fout to the input 
fluence Fin, given the small-signal gain 
G0 and saturation fluence Fsat of the laser
medium, as follows:

Fout = Fsat ln{1 + G0[exp(Fin/Fsat) – 1]} . (1)

flashlamp light with the slabs. Erlandson 
et al.5–7 have recently described in detail 
the design and operating characteristics of
flashlamp-pumped MSAs. The measured
small-signal gain coefficient is typically
about 0.05/cm, and the stored energy densi-
ty is about 0.25 J/cm3 for phosphate laser
glass doped at about 4 × 1020/cm3 and
pumped at a lamp explosion fraction of 0.20. 

A prototype laser closely resembling one
of the NIF beamlines has recently been built
and tested.8 This laser, called Beamlet, uses
11 amplifiers in the main cavity and 5 in the
booster section, the same configuration as
that for the NIF. A series of large phosphate
glass slabs (767 × 428 × 44 mm3) having a
doping of 3.5 × 1020/cm3 were produced for
this laser.9 Although slightly smaller than
required for LMJ and NIF, these prototype
glass slabs were made to nearly identical
specifications as those required for the NIF
and LMJ. Therefore, to a great extent, the
quality and size of the laser glass pieces
needed for the NIF and LMJ have been
demonstrated. What remains is to develop
the manufacturing capability for producing
a large number of these high-quality glass
slabs at a high rate and at significantly lower
cost. This article briefly describes the
advanced melting methods that are being
developed to produce the glass for the NIF
and LMJ. Although details of the production
processes are proprietary, we highlight the
work involved in changing from the one-at-
a-time, discontinuous production process
used in the past to the continuous melting
process of the future. Our cost goal is to
manufacture the laser glass for about $1000/
L ($350/kg), or roughly a factor of 3 lower
than the cost associated with the current,
one-at-a-time production methods. Given
the size of the laser glass order, this level of
cost reduction represents a total cost savings
of about $200 million to $300 million com-
pared to the price that could be achieved
with current manufacturing methods.

NIF Laser Glass Properties
and Specifications

To meet the performance requirements
for NIF target applications, the laser 
glass must have the following important
characteristics: 
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The small-signal gain of the laser glass is
described by

G0 = exp{z[(σN*) – α]} , (2)

where σ is the emission cross section (cm2),
N* is the Nd-ion inversion density (1/cm3),
and α is the transmission loss coefficient
(cm–1). Achieving high net gain requires a
high emission cross section coupled with a
large population inversion density. In addi-
tion, transmission losses due to absorption
by impurities or scattering from defects in
the glass (or on the polished surfaces) must
be kept low relative to the gain.

The term σN* is the gain coefficient 
gL, which is related to the stored energy
density (Es = hνN∗) and the saturation 
fluence (Fsat = hνl /σ) of the material:

gL = N*σ = (hνlN*) (σ/hνl) = Es/Fsat , (3)

where h is Planck’s constant (J . s), and νl is
the laser frequency (Hz). Experimentally, the
gain coefficient gL is measured directly by
monitoring the signal gain of a probe beam
passing through the glass as it is being
pumped in a laser amplifier.11,12 For exam-
ple, the large, flashlamp-pumped, glass laser
amplifiers used in fusion energy applications
typically operate with a gain coefficient of
about 0.05 cm–1. The emission cross section
is determined independently from spectro-
scopic measurements. The phosphate glasses
used in fusion applications nominally have
an emission cross section of about 3.5 to 
4.0 × 1020 cm2, corresponding to a saturation
fluence of about 5 J/cm2. The stored energy
in the laser glass is computed from Eq. 3 to
be about 0.25 J/cm3.

Energy extraction from the glass is most
efficient at high laser fluences, particularly
fluences in excess of twice the saturation
fluence. Having a glass with a high emis-
sion cross section is desirable because effi-
cient extraction can be achieved at lower
fluence, thereby reducing the chance of
laser-induced damage to the optics. 

Unfortunately, not all of the stored ener-
gy in the glass can be extracted, even at very
high fluences.13 This limitation arises from

the inhomogeneous broadening of the 
Nd emission. The cross section calculated
from measurements of gain saturation using
the Frantz–Nodvik equation give higher
emission cross sections (σgs) than those
determined spectroscopically (σem). The
Nd-site inhomogeneities in the glass lead to
hole burning, causing the glass to saturate at
a lower fluence, corresponding to a higher
effective cross section. The extraction effi-
ciency then can be defined by the ratio of
the two cross sections:

ηext = σem/σgs . (4)

Phosphate laser glasses tend to saturate
much more homogeneously than do sili-
cates; therefore, the efficiency with which
the energy is extracted is much higher.13

This is one of the reasons for the wide use
of phosphate glasses in ICF applications.
To be more specific, a large fraction of the
cost of large fusion research lasers is in the
cost of the amplifiers. Therefore, simulta-
neously achieving high stored energy and
efficient extraction is essential to minimize
the number and cost of the amplifiers.

A high Nd3+ gain cross section is often
desirable for ICF laser applications; how-
ever, it can also lead to some undesirable
effects. For example, for large-aperture
laser systems, a high gain coefficient can
lead to low energy-storage efficiency and
large spatial variations in the gain distribu-
tion across the aperture due to amplified
spontaneous emission. The general rule of
thumb is that the product of the gain coef-
ficient and longest dimension of the laser
glass piece should not exceed a value of
about 4.2. In addition, the Nd doping and
fluorescence lifetime must be optimized to
achieve maximum energy-storage efficien-
cy. The tradeoff among high gain, good
spatial gain uniformity, and efficient ener-
gy storage is quite complex and is usually
optimized with the use of sophisticated
laser-design computer codes.14

Nonradiative Energy Losses
In most practical applications, the quan-

tum yield is never 100% because of nonra-
diative relaxation mechanisms that
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Nd3+ concentration. In reality, the effect of
the Nd concentration on relaxation rate is
highly glass dependent and varies from
nearly linear to quadratic in phosphates
and from quadratic to cubic in sili-
cates.15–18 Stokowski,15 and more recently
Payne et al.,18 have proposed an empirical
relation to characterize concentration
quenching in metaphosphate laser glasses:

τem = τ0/[1 + (N/Q)2] , (5)

where τ0 is the zero concentration lifetime
(µs), N is the Nd3+ ion concentration
(ions/cm3), and Q (ions/cm3) is an empiri-
cally determined quantity for a given glass.
Q is physically equivalent to the Nd con-
centration needed to reduce the lifetime τem
to one-half its zero concentration limit.

significantly shorten the lifetime. The nonra-
diative losses are affected by intrinsic prop-
erties of the laser glass as well as the care
with which the glass is manufactured.15,16

Figure 2 shows a schematic view of the
most important nonradiative mechanisms.

The two most important intrinsic pro-
cesses are multiphonon relaxation and
concentration quenching. Concentration
quenching refers to the radiation exchange
between a pair of Nd ions. Nd concentra-
tion quenching results from the contribu-
tions of two relaxation mechanisms. One is
cross relaxation in which the two ions
share the energy, and the second is migra-
tion of the excitation energy from one ion
to the next (the so-called “hopping” mech-
anism). In theory, the rate of relaxation
due to concentration quenching varies as
1/r6, where r is the inter-ion distance,
which is equivalent to the square of the
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FIGURE 2. Nonradiative
Nd3+ relaxation process-
es in laser glasses can be
divided into (a) intrinsic
processes that depend on
glass composition and
structure and (b) extrin-
sic processes that depend
on doping density and
impurities in the laser
glass. Extrinsic losses
depend strongly on 
processing methods.
(40-00-0596-1135pb02)



The rate of multiphonon relaxation
depends on how closely the 4F3/2-to-
4I15/2 energy transition (5500 cm–1)
matches the maximum vibration energy
of the glass matrix.15,16,19 For phosphate
glasses, the maximum vibration energy is
about 1170 to 1200 cm–1 (References 20
and 21), thus suggesting the absence of
any significant multiphonon effects.
Careful measurements by Caird et al.16

on two commercial phosphate glasses
(LG-750 and LG-760) support this obser-
vation. The measured multiphonon
relaxation rate is about 200 s–1.

It is well known that impurities that
enter the glass during manufacturing 
(particularly hydroxyl groups and transi-
tion-metal ions) can cause significant 
nonradiative relaxation. Some useful corre-
lations have recently been reported for
estimating the impact of various impuri-
ties on the nonradiative relaxation rate in
phosphate glasses.22 We hasten to add,
however, that the problems associated
with impurities have been largely eliminat-
ed in modern laser glass manufacturing by
the proper choice of raw material and
melting equipment.

Nonlinear Refractive Index
The energy extraction efficiency for ICF

laser systems is also limited by nonlinear
propagation effects, particularly at very
short pulse lengths. The refractive index
increases with the laser intensity:

n = n0 + γI , (6)

where γ is the nonlinear refractive index
coefficient (m2/W), and I is the laser inten-
sity (W/m2). The intensity-dependent
index can cause amplitude ripples (noise)
that occur at certain spatial frequencies to
grow exponentially:

I = I0 exp(B) , (7)

where the B factor (or breakup integral) is
the cumulative nonlinear phase retardation
over the optical path length:

B = 2π/λ ∫γI dz . (8)

Experience has shown that B needs to
be less than about 2 rad to avoid unaccept-
able noise ripple growth.23,24 Such growth
can cause optical damage and/or degrade
the beam focus. Therefore, laser glasses
with low nonlinear indices are required for
ICF applications. 

Direct measurement of γ is difficult, so
empirical correlations have been devel-
oped. The expression developed by Boling
et al.25 many years ago accurately predicts
γ from the refractive index nd and the
Abbe number ν of the glass:

γ = K(nd – 1)(nd
2 + 2)2/

{ndν[1.52 + (nd
2 + 2)( nd + 1)ν/6 nd]1/2}, (9)

where K = 2.8 × 10–10 m2/W is an empiri-
cally determined constant. The nonlinear
refractive index n2 (in esu) is related to γ by
n2 = γ(nc/40π), where c is the speed of light.

Optical Quality
Some of the most critical specifications

of laser glass relate to its optical quality,
and the relevant characteristics are
strongly dependent on the processing
conditions. In particular, three main
characteristics of the glass impact optical
quality: optical homogeneity, inclusions,
and bubbles.

Optical homogeneity refers to the
refractive index variation in the optical
material. For laser glass, the value is typi-
cally less than 2 ppm (i.e., ∆n < ±2 × 10–6).
Homogeneity is generally specified in
terms of a maximum amount of allowed
aberration due to sphere, astigmatism,
and a smaller amount of higher-order
terms (see Table 2). For the NIF and 
LMJ, we intend to keep the same specifi-
cation. However the final, finished (i.e.,
polished) laser glass will be specified
using a more sophisticated procedure
designed to monitor aberrations at specif-
ic spatial frequencies that are known to
seed nonlinear growth of intensity noise
in the laser beam.

The homogeneity of the laser glass is
critical to maintain wavefront uniformity
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density is less than 0.1 per liter of glass, or
less than an average of 1 to 2 per glass
slab.26,27 Inclusions in laser glass typically
damage at about 2 to 5 J/cm2 at the NIF and
LMJ pulse lengths.28 Although very small to
begin with, inclusion damage can grow with
successive laser shots to several millimeters
or even centimeters in size, making the laser
glass unusable. Large damage spots in laser
glass can seed damage in other optics in the
laser chain. In general, if the inclusions are
small, they can be tolerated as long as the
optical damage they produce does not
exceed about 250 µm in size. This limit is the
basis for the specification given in Table 2.
Currently, we scan each piece of laser glass
with a high-fluence laser beam and measure
the size of any damage site after a specified
number of shots at fluences between 7 to
14 J/cm2 (8 ns).29–31 If the Pt-damage size
remains below the specified size limit given
in Table 2, then it is acceptable. 

New processing techniques for eliminat-
ing Pt inclusions rely on the intrinsic prop-
erty of many phosphate glasses to dissolve
Pt metal under oxidizing conditions.
Izumitani et al.32 have reported the use of
gaseous POCl3 as an oxidizing additive,
and Campbell and coworkers at Hoya
Corporation (Fremont, Calif.) and Schott
Glass Technologies, Inc. (Duryea, Pa.)26–28

have reported the effects of O2, Cl2, CCl4,
and N2/O2 mixtures. Model predictions of
Pt-inclusion dissolution rates agree well
with results from glass-melting tests.33

The effects of glass composition on Pt
solubility have been reported to follow the
trend: phosphate > silica-phosphate >> flu-
orophosphate > silicate.32 These results are
based on solubility measurements using
LHG-5 and LHG-8 (phosphates), HAP-3
(silica-phosphate), LHG-10 (fluorophos-
phate), and LSG-91H (silicate).

If inclusions are eliminated from the bulk
laser glass, the damage threshold is limited
only by the quality of the surface finish.34

This is shown in Figure 3, where surface
damage threshold is plotted versus pulse
length for various laser glasses as well as
fused silica. The pulse-length dependence
of the surface damage threshold for finely
polished samples can be accurately repre-
sented by the empirical expression

of the laser beam. Recall that there are a
total of 16 laser slabs in the laser beam-
line, and during multiple passes through
the cavity and booster amplifier sections,
the beam passes through the equivalent
of 54 laser slabs. Therefore, even small
optical inhomogeneities can lead to sig-
nificant wavefront aberration in the 
output of the beam, potentially causing
significant degradation in both frequen-
cy conversion and focusability of 
the beam.

Inclusions from ceramic refractory materi-
als, unmelted raw materials, platinum (Pt)
metal, crystallites, or impurities can cause
optical damage in the glass when exposed to
high laser fluences. The most common inclu-
sion source is metallic Pt inclusions from the
Pt liners used in the melting system.
Improved processing conditions have led to
a dramatic reduction in Pt inclusions in
recent years such that the average inclusion
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TABLE 2. Key technical specifications for the NIF prefinished laser glass slabs. 
Prefinished slabs will be clad, ground, and polished into finished slabs by the 
finishing vendor.

Parameter NIF specification

Nd doping 4.2 × 1020 ± 0.1 Nd3+/cm3

Homogeneity (expressed as wavefront error at 
632 nm, normal incidence)

– Sphere < 0.425 λ
– Astigmatism < 0.220 λ
– Higher-order aberrations < 0.142 λ

Fluorescence lifetime ≥ 320 µs
(measured on 5 × 5 × 0.5 cm3 sample)

Absorption coefficients
– At 1053 nm ≤ 0.0019 cm–1

– At 400 nm (due to Ptn+) ≤ 0.25 cm–1

– At 3333 nm (due to hydroxyl groups) ≤ 2 cm–1

Bubbles
– Maximum number (per 100 cm2 area) Total cross section <0.15 mm2

– Maximum diameter ≤ 100 µm

Birefringence ≤ 5 nm/cm

Pt inclusions 
– Maximum number for any one slab ≤ 5 in clear aperture
– Average for all slabs ≤ 2 per slab
– Maximum size after laser irradiation ≤ 100 µm

(5 shots per site)



Ds (J/cm2) = 22tp
0.4 , (10)

where tp is the pulse length (ns). The 
surface damage threshold approximately
follows the t1/2 relation predicted by a 
thermal-diffusion heat-transport model. For
comparison, the damage threshold reported
by Gonzales and Milam35 for Pt inclusions
is also shown in Figure 3. It follows the
approximate pulse-length scaling relation

DPt (J/cm2) = 2.5tp
0.3 . (11)

Thus, the presence of Pt inclusions
reduces the operating limit of the laser
glass by nearly tenfold.

The specification for laser glass bubbles
is based on two requirements. The first is
the need to minimize the amount of light
loss due to obscurations caused by bubbles.
The second is the need to keep the size
below a certain value that may induce non-
linear growth of intensity noise. The obscu-
ration loss is not to exceed 0.01% of the
beam area per slab and therefore sets the
total number of bubbles of a given size
allowed in any given slab. The maximum-
size bubble allowed is currently 100 µm.
The diffracted light from bubbles that
exceed 100 µm can, at high intensities,

imprint a holographic diffraction pattern in
the next optic that, in turn, can bring that
portion of the beam to focus at another
downstream optic and potentially damage
it. Because of the regular spacing of many
optics in the laser chain, such a nonlinear
imaging effect could lead to propagation of
laser damage throughout the beamline. In
general, bubbles have not been a significant
problem for laser glass. For example, only
one of the Beamlet slabs had bubbles, and
they were so few in number and so small as
to be insignificant.9 Similar results were
observed for the Nova and Phebus laser
glass disks.

Properties of the NIF and
LMJ Laser Glasses

Laser glasses are specially formulated to
give the desired laser, optical, thermal–
mechanical, and physical–chemical proper-
ties needed for a specific laser application.
Some properties are strongly affected by
the processing conditions as discussed
above; however, most are controlled by the
base glass composition. 

We have chosen two glasses for use 
on the NIF and LMJ that meet the gain, 
energy-storage, extraction-efficiency, and
damage-resistance requirements: LHG-8
(Hoya Corporation) and LG-770 (Schott
Glass Technologies, Inc.). LHG-8 is the same
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Description of Glass
Melting

Glasses made for the present, large
ICF laser systems (e.g., Nova at LLNL,
Phebus at CEA, Beamlet at LLNL, 
Gekko at Osaka, and OMEGA at the
University of Rochester) were manufac-
tured using a one-at-a-time, discontinu-
ous melting process. We briefly describe
this older manufacturing method 
and then discuss the new, advanced 
processes that have been developed 
for the NIF and LMJ. 

glass as that used on the Nova and Phebus
lasers. However, LG-770 is a new formula-
tion developed to replace the LG-750 glass
that was used on Nova, Phebus, and
Beamlet. Table 3 summarizes the key prop-
erties of these laser glasses. Figure 4 shows
the neodymium absorption and emission
spectra for the two glasses, confirming that
the glasses are essentially indistinguishable.
In fact, for nearly all properties, the two
glasses closely match, thereby making it pos-
sible for us to randomly interchange the two
glass types within the NIF amplifiers with-
out affecting laser performance.
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TABLE 3. Properties of LHG-8 (Hoya) and LG-770 (Schott) laser glasses.

Glass properties Symbol LHG-8 LG-770

Optical

Refractive index at 587.3 nm nd 1.52962 1.50674
Refractive index at 1053 nm n1 1.52005 1.49908
Nonlinear refractive index

n2 (10–13 esu) n2 1.12 1.01
γ (10–20 m2/W) γ 3.08 2.78

Abbe number ν 66.5 68.4
Temp. coefficient refract. index (10–6/K) dn/dT –5.3 –4.7
Temp. coefficient optical path (10–6/K) δ 0.6 1.2

Laser
Emission cross section (10–20cm2) σem 3.6 3.9
Saturation fluence (J/cm2) Fsat 5.3 4.8
Radiative lifetime (zero Nd) (µs) τ0 365 372
Judd–Ofelt radiative lifetime (µs) τr 351 349
Judd–Ofelt parameter (10–20cm2) Ω2 4.4 4.3
Judd–Ofelt parameter (10–20cm2) Ω4 5.1 5.0
Judd–Ofelt parameter (10–20cm2) Ω6 5.6 5.6
Emission bandwidth (nm) ∆λeff 26.5 25.4
Concentration quenching factor (cm–3) Q 8.4 8.8
Fluorescence peak (nm) λL 1053 1053

Thermal
Thermal conductivity (W/mK) k 0.58 0.57
Thermal diffusivity(10–7 m2/s) α 2.7 2.9
Specific heat (J/gK) Cp 0.75 0.77
Coefficient thermal expansion (10–7/K) αe 127 134
Glass transition temperature (C) Tg 485 461

Mechanical
Density (g/cm3) ρ 2.83 2.59
Poisson’s ratio µ 0.26 0.25
Fracture toughness (MPa • m0.5) K1C 0.51 0.43
Hardness (GPa) H 3.43 3.58
Young’s modulus (GPa) E 50.1 47.3 



Old Technology: One-at-a-
Time, Discontinuous Melting
and Forming

The first step of the discontinuous process
is premelting (Figure 5), which is designed to
melt and mix on a large-scale length the raw

starting materials. A bubbling gas is often
added to remove unwanted volatile 
products, particularly water, and if neces-
sary, to adjust the melt redox state. The pre-
melt is carried out in a relatively inert
refractory crucible. The walls of the refracto-
ry vessel corrode over time, eventually
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uniformity of the refractive index over the
entire casting. Finally, the melt is cooled to
a temperature such that the viscosity of the
glass is proper for casting into a mold of
the appropriate size and shape. After cast-
ing, the glass undergoes a coarse annealing
step, is inspected for inclusions and striae,
and then is fine-annealed to remove residu-
al thermal stresses due to the forming pro-
cess. Although it only takes one or two
days to melt and cast each slab, it can take
several months to complete the subsequent
annealing and inspection.

Advanced Technology:
Continuous Laser Glass
Melting and Forming 

Advanced laser glass melting processes
have been developed separately by Schott
Glass Technologies, Inc., and Hoya
Corporation under work funded jointly
by LLNL and the Centre d’ Etudes de
Limeil-Valenton. The two glass compa-
nies have chosen different development
approaches. Schott has chosen to design
and develop a full-scale melting system

requiring the vessel to be replaced. Glass
from the premelter generally contains bub-
bles, striae, and possibly some small parti-
cles of unmelted starting material.

Product glass from the premelt stage is
next processed in a physically separate unit
called the remelter. The remelter consists of
a platinum-lined vessel that also has provi-
sions for stirring and gas bubbling. The
main purposes of the remelter are to dis-
solve any Pt inclusions, remove any bub-
bles, and homogenize the glass to provide
the striae-free, high-optical-quality glass
necessary for laser applications. This pro-
cess involves several stages.36 During the
first stage of the remelt cycle, the redox
state of the glass is adjusted to enhance 
Pt-particle dissolution. Next, a refining or
“fining” process is conducted at high tem-
peratures, where the viscosity of the glass is
low, allowing bubbles to rise to the surface.
The third stage is a stirring process that is
generally conducted at temperatures lower
than those for either the melting or refining
stages. Continuous stirring thoroughly dis-
tributes all components within the glass
melt, eliminating striae and thus ensuring
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that will then become the production
melter. The Schott approach allowed for
one development run to verify equipment
design and the melting and forming pro-
cess. Such verification was completed in
November and December 1997. In con-
trast, Hoya chose to carry out develop-
ment using a subscale, continuous melter.
Because of the smaller size and lower
operating costs of their equipment, Hoya
was able to carry out several melting and
forming campaigns, which were complet-
ed in March 1998. Both vendors have
completed their development efforts, and
as of February 1999, they are in the midst
of the first production run that we term
the “pilot.” This work will be followed by
several years of production, approximate-
ly 2 to 3 years for the NIF and about 3 to
4 years for LMJ. 

Many details of the manufacturing
process are highly proprietary to each
company. Therefore, we give only a
generic description of the melting, form-
ing, and coarse annealing process.
Nevertheless, this description should
provide an idea of the progress in laser
glass manufacturing technology that has
occurred as a result of the NIF and LMJ
projects. The laser glass melting systems
developed by Schott and Hoya are
arguably the most advanced optical 
glass melting systems in the world.

As shown in Figure 6, a continuous
optical glass melting system is generally
divided into several interconnected zones.
Each zone consists of one or more vessels
designed to carry out a specific aspect of
the process. For laser glass continuous
melters, Figure 6 shows the six main pro-
cessing zones,37 which are raw material
batching, melting, conditioning, refining,
homogenizing, and continuous strip form-
ing. The six regions are interconnected,
allowing for a continuous flow of glass
from one zone to the next. 

It is desirable that the raw materials be
batched together and then thoroughly
mixed in a dry atmosphere. The batch is
then delivered continuously to the melter
with precautions to avoid water uptake by
hydroscopic raw materials. Batch powder
that enters the melter dissolves in the
molten glass and undergoes large-scale
mixing. Off-gas handling equipment col-
lects any gas emissions from the melter 
(or other vessels) and treats the effluent to
meet environmental regulations.

Glass continuously flows from the
melter into the conditioning unit, where
the redox state of the melt is adjusted to
enhance dissolution of Pt inclusions. If
required, steps may also be taken to
remove any excess “water” (i.e., hydroxyl
groups) in the glass. Glass from the 
conditioning unit then flows to the refiner
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Both manufacturers will use advanced
processing conditions designed to mini-
mize the formation of Pt inclusions in laser
glass. Prior to 1986, Pt inclusion damage
represented the major source of damage in
laser glass used for high-peak-power
applications. However, new processing
methods effectively reduce the Pt inclu-
sion concentration by more that 1000-fold,
to fewer than an average of 1 to 2 per laser
glass slab (i.e., less than 0.1 per liter).

Postprocessing
Once the laser glass has been melted and

formed into plates, several other process
steps must be completed before the glass can
be shipped to the final finishing vendor.
Specifically, the laser glass needs to undergo
prefabrication to a size suitable for inspec-
tion for striae and Pt inclusions. Next, the
glass is slowly annealed to remove any
residual strain, a process that can take many
days. Finally, the glass blank is fabricated to
the final dimensions, inspected for homo-
geneity, and prepared for shipping.

Manufacturing Schedule
Laser glass manufacturing for the NIF

and LMJ is divided into two main phases:
pilot and production. Pilot refers to the

section where the temperature is generally
elevated to reduce the glass viscosity and
thereby increase the bubble rise velocity to
promote bubble removal.

Glass from the refiner enters the
homogenizing section, where Pt stirrers
thoroughly mix the glass to achieve the
part-per-million index homogeneity
required for ICF laser applications. Just as
in the discontinuous process, the tempera-
ture of the homogenizing section is
reduced to adjust the glass viscosity to
give the desired flow characteristics need-
ed to form a wide, thick, homogeneous
strip of glass. The width and thickness of
the glass strip produced during the form-
ing operation are greater than those of any
optical glass ever produced prior to NIF-
and LMJ-driven glass development.

The glass manufacturers employ highly
proprietary technology to “form” (i.e., cast)
the glass into a homogeneous, continuous
strip free of sharp index variations (striae).
Once successfully formed, the cast strip
moves by conveyor belt through a long
(25- to 35-m), coarse annealing oven
(Figure 7) where the temperature is
ramped down at a rate to avoid generating
unacceptable thermal stresses in the glass.
Finally, the cast strip is cut into pieces that
are individually processed to give the
desired laser slab blank.
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first production run. Results from the
pilot run will be used to establish yield
and costs. In addition, glass from the pilot
run will be used by the finishing vendors
to demonstrate the advanced laser glass
finishing and polishing methods to be
used in final production.

The production phase immediately 
follows the pilot phase. The first stage of
laser glass production will be primarily
for the NIF facility because NIF construc-
tion will occur earlier than that for the
LMJ. The NIF production will take place
over approximately three years at a rate
of about 1200 slabs per year. NIF produc-
tion will be followed by LMJ production,
which will last three to four years. During
the third year of production, the NIF and
LMJ may overlap somewhat, requiring
a short-term increase in the annual 
production rate.

Summary
The NIF and LMJ laser systems require

about 3380 and 4752 Nd-doped laser glass
slabs, respectively. Continuous laser glass
melting and forming will be used for the
first time to manufacture these slabs. Two
vendors have been chosen to produce the
glass: Hoya Corporation and Schott Glass
Technologies, Inc. The laser glass melting
systems that each of these two vendors
have designed, built, and tested are
arguably the most advanced in the world.
The cost goal is to manufacture the laser
glass for about $1000/L ($350/kg), or
roughly a factor of 3 lower than the cost
associated with current, one-at-a-time
production methods. Production of the
laser glass began on a pilot scale in the
fall of 1998.
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The National Ignition Facility’s (NIF’s)
baseline laser design incorporates

three diffractive structures in the third-har-
monic (351-nm) final optics assembly, as
shown in Figure 1. These are (1) a focusing
beam sampling grating (BSG)1 for sending
a known fraction (0.2 to 0.4%) of the trans-
mitted light into a calorimeter for energy
diagnostics; (2) a color separation grating

(CSG)2–5 that transmits, with high-efficien-
cy, third-harmonic light to the target, while
directing the unconverted first and second
harmonic light away from it, and; (3) a
kinoform phase plate (KPP)6 that smoothes
the beam within a super-Gaussian envelope
with a tailored spot size at the target plane.
The optics’ apertures are nominally 40 cm
square. To withstand the design fluence, the

DIFFRACTIVE OPTICS FOR THE NIF
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FIGURE 1. Schematic diagram of a NIF final optics assembly, showing the diffractive optics’ location, element geometry, and specifications.
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and transfer etching it (again, with HF solu-
tion) to a precise depth (equal to one wave
of optical phase difference in transmission
at the chosen use angle and wavelength).
This process is repeated to generate the sec-
ond line of the period—using the same
mask (or a different one) offset laterally, 
relative to the first line etched. 

The KPP is similarly made, by using a
four-mask process and transfer wet etch-
ing6 to produce 16 step levels that approxi-
mate a continuous, irregular topography
over a scale length of several millimeters,
with a maximum optical path difference of
one wave.

To manufacture diffractive optics plates
(DOPs) onsite, we constructed a 2400-ft2

facility at Lawrence Livermore National
Laboratory (LLNL), which became function-
al in January 1998. During 1998 we fabricat-
ed all three types of DOP at NIF sizes, using
custom-designed prototype processing
equipment and the manufacturing tech-
niques that will be employed for full-scale
production. This article focuses on the man-
ufacture and performance of the beam sam-
pling and color separation gratings, two
optics that were not previously fabricated at
NIF scales. We have made (and reported on)
several KPPs for LLNL’s Nova laser and
other laser systems6 with processing meth-
ods that are identical to those used for the

diffractive structures’ patterns must be
etched into the bulk fused-silica substrate.
Wet chemical etching by a buffered
hydrofluoric acid (HF) solution was chosen
as the pattern transfer method because 
(1) the low aspect ratio of these structures is
conducive to this process; (2) the process is
inherently spatially uniform due to the
kinetic control of the dissolution,7,8 and; (3)
it is inexpensive to implement. A flowchart
of the processing steps used to manufacture
the optics is shown in Figure 2.

The BSG is a lamellar grating with a
nominal period of from 1 to 3 µm and a
modulation depth of about 20 nm. It is
made holographically by projecting two
interfering coherent spherical waves onto
the photoresist-coated substrate in the
appropriate geometry. (These two waves
simulate the main beam being focused
onto the target and the sampled beam
being focused into a calorimeter.) The
resulting latent image is developed to give
a grating mask in resist. This pattern is
transferred to the surface of the substrate
by etching the exposed areas between the
resist grating lines with HF solution. 

The CSG is a stairstep grating design.2–5

It is made by proximity printing one line of
the period through a chrome-on-quartz
master mask onto a photoresist layer on the
target substrate, developing this pattern,
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CSG. We also discuss the effects of standard
antireflective (AR) coatings on the perfor-
mance and laser damage characteristics of
the diffractive optics, and describe efforts to
combine the functionalities of several diffrac-
tive elements onto one surface.

The Beam Sampling
Grating

A laser interference lithography facility
has been constructed at LLNL to fabricate
NIF BSGs. Figure 3 shows the geometry of
the exposure system. A CW laser with a
very long coherence length is required to
generate stable, high-contrast fringes in the
target plane. We use a 351-nm, Ar-ion laser
because its wavelength very closely match-
es the third harmonic of the NIF. Thus, we
can set up exposure geometries that are
identical to the deployment geometries in
the NIF’s final optics assembly and obtain
a high-quality focal spot of the diffracted
beam with minimal chromatic aberration
of the diffracted focus. The laser output in
single-mode Tem00 operation is about 1.2
W. The exposure table is totally enclosed
and is isolated from vibrations by pneu-
matic supports. Active fringe stabilization
is used to ensure high pattern contrast.
The major difficulty with this setup is find-
ing suitable high-magnification objectives 
for transmitting the 351-nm light for the

fast-focus sampling beam. All of the multi-
element objectives tested to date imprint
some degree of modulation onto the fringe
pattern from defects in the multielement
structure, which are difficult to clean and
eliminate by spatial filtering.

Using the process outlined in Figure 2,
we have made demonstration BSGs on
41- by 39-cm fused-silica plates. A map
of the first-order (focused) transmission
efficiency of one such grating is shown
in Figure 4. This measurement was made
at 351 nm with the optic rotated 15°
about the vertical axis with respect to the
incident beam and with the diffracted
beam at an angle of 15° above the optic’s
horizontal axis; the mean efficiency of
0.37% is within specifications. The spa-
tial uniformity needs to be improved,
even though model simulations giving
the projected uncertainty of the spatial
intensity variations for a NIF beamline
suggest that this level of nonuniformity
will not contribute substantially to the
measurement error. The efficiency varia-
tion results from a nonuniform grating
linewidth, not an etch-depth variation.
The modulation seen in the diffraction
efficiency is directly attributable to 
intensity variations in the spatially fil-
tered, sample-writing beam, using a 
40× objective. Improvements to this 
uniformity will be possible with higher
quality objectives.
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(edge erosion) of the chrome and fused silica
edges was taken into account by making the
open area of the master mask undersized.
The end result was a grating, composed of a
series of repeating stairsteps with a 345-µm
period, across the clear aperture of the 41- by
39-cm substrate. 

A map of the zero-order transmission 
efficiency of one CSG at 351 nm and 13° inci-
dence angle is shown in Figure 5. The aver-
age efficiency was 90.5%. This optic had no
antireflective coating, so the maximum theo-
retical efficiency, accounting for Fresnel loss-
es, is 92.5%. The additional losses, about 2%,
are distributed in many higher transmitted
diffraction orders. The zero-order transmis-
sions of this optic at 527 nm and 1053 nm
are 0.05% and 0.26%, respectively, which
exceed NIF specifications for 1ω and 2ω light
rejection. We have made several such grat-
ings with similar results.

The Effects of Sol-Gel
Antireflective Coatings

Color Separation Gratings
Transmissive optics for LLNL’s high-

power lasers have for years been coated
with high-damage-resistant sol-gel, 
colloidal-silica, antireflective (AR) films9

applied by dip coating. Table 1 gives the
zero-order 351-nm diffraction efficiency 
of a NIF-sized CSG, which had its AR
coating removed in places on the grating
and on the back sides by being gently

The Color Separation
Grating

Several CSGs were fabricated and tested
for optical performance. Made by LLNL’s
laser plotter, the grating mask used for this
process consisted of alternating 113-µm-
wide clear lines separated by 232-µm-wide
chrome spaces, 370-mm long, repeated over
a 380-mm field. This pattern was printed
on a 65-cm-diam fused-silica substrate. The
mask was printed pixel-by-pixel by posi-
tioning a 113- by 500-µm-wide aperture
with sub-µm accuracy and then, by open-
ing a shutter, exposing the mask (previous-
ly coated with an evaporated chrome layer
and a photoresist layer) to light from a 
413-nm Kr-ion laser. The pattern was 
transferred to the mask by subsequently
developing the resist and etching the
exposed chrome. 

The CSG target substrates were first coat-
ed with chrome and photoresist, and were
then exposed through the grating mask to
the output of a collimated Hg lamp. Next,
the substrates were developed, hard-baked,
and chrome-etched. Then, to make the first
step, they were HF-etched to a depth of
715±10 nm. To etch the second step (while
doubling the depth of the first step) the
entire process was repeated, after the mask
was laterally shifted 114±1 µm (with the aid
of fiducial marks on the mask and by view-
ing the substrate through confocal micro-
scopes on the mask aligner). During this
process, the one- to two-µm undercutting

128

DIFFRACTIVE OPTICS FOR THE NIF

UCRL-LR-105821-99-2

0 0.1 0.2 0.3 0.4 0.5 

FIGURE 4. Diffraction
efficiency (%) at –1 trans-
mitted order, for 351 nm
at a 14° incidence angle.
The beam sampling grat-
ing was manufactured
on a 41- × 39-cm fused-
silica substrate. The
mean efficiency is 0.37%,
with a standard devia-
tion of 0.07%.
(70-00-0399-0768pb01)



wiped with a wet soft cloth. The highest
efficiency is obtained with the AR coating
removed only from the grating surface.
When the AR coating is on the grating 
surface, the reduction in back reflection 
is more than compensated for by an
increased efficiency for the higher trans-
mitted orders. Thus, the zero-order 
transmission efficiency drops.

This drop in transmitted zero-order effi-
ciency upon being AR coated results from
a partial planarization of the etched struc-
tures, caused by surface tension effects as
the coating is drying. Recall that the zero-
order transmission at 351 nm is maximized
when the etched structures are precisely
deep enough to have integral wave multi-
ples of phase retardation between adjacent
elements. Planarization of the AR coating
significantly alters this relation between
adjacent steps. Figure 6 compares scanning
electron micrographs (SEMs) of bare and
AR-coated CSG steps of 1.4 and 0.7 µm
(two-wave and one-wave steps). The ideal

edge for a wet-etched CSG step is a quar-
ter circle with a radius equal to the etched
depth. The bare CSG steps that are shown
closely approximate this ideal. The accu-
mulation of colloidal sol-gel particles at the
step edges (caused by capillary forces that
pull liquid from adjacent areas while the
coating is drying but still fluid) results in
an increased film thickness many microns
away from the edges. In the immediate
vicinity of the steps, the coating is suffi-
ciently thick to craze as it dries, due to
shrinkage-related tensile stresses. 

As a consequence of this effect, sol-gel
AR-coated CSGs have significantly worse
laser damage characteristics than when left
uncoated. Modulation enhancement, due to
increased energy in high transmitted orders,
causes damage to downstream optics under
conditions where minimal damage would
normally be expected. Because of the
extreme coarseness of the grating period
with respect to the wavelength and the size
of the beam, this modulation exists for 
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FIGURE 5. Zero-order
transmission efficiency at
351 nm for a 41- by 39-cm
color separation grating
(#O2Z) at a 13° incidence
angle. The mean efficiency
is 90.5% with σ = 0.75%.
The zero-order transmis-
sion efficiencies at 1ω and
2ω were 0.26 and 0.05%,
respectively. Both surfaces
were uncoated.
(70-00-0399-0769pb01)

TABLE 1. Zero-order 351-nm diffraction efficiency of a NIF-sized CSG.

Both sides AR-coated AR-coated
bare back side both sides

Zero-order transmission 90.8 93.5 89.6
at 351 nm (%)



a resolution of about 0.2 µm, and so cap-
ture both the macroscopic effects of the
grating and the contributions of single
grating steps. However, they do not
include the difference in refractive index
between substrate and coating. Figure 8
shows the predicted peak-to-average
intensity ratio as a function of distance
downstream from the surface of various
CSGs. A NIF-sized CSG with a period of
345 µm and dip-coated AR coatings is
large enough so that maximum intensity
modulations of about 2.5 are predicted for
several tens of millimeters downstream
from it. The bare grating itself exhibits a

several meters downstream where the
orders overlap. Figure 7 shows a SEM of
output surface damage caused by the 351-
nm, 7-ns irradiation of a NIF-sized, AR dip-
coated optic with a CSG pattern on the
input surface. The damage manifests itself
as pinpoints that coalesce into lines that cor-
relate with the grating period. 

Calculations have been made, using
surface profiles of bare and coated CSG
steps (as measured by atomic-force and
scanning-electron microscopy), to estimate
the modulation that imperfect step edges
and AR coatings cause. These calculations
consider infinitely periodic structures with
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FIGURE 6. Scanning electron micro-
graphs of (a) two-wave and (b) one-
wave CSG steps wet etched into bare
fused silica (upper) and into fused sili-
ca with a sol-gel AR dip coat (lower). 
(70-00-0399-0770pb01)

FIGURE 7. A micrograph of output-
surface damage on fused silica, caused
by modulation from an AR dip-coated
color-separation-grating pattern on an
input surface that was illuminated
with 351 nm light at 18 J/cm2 from a
1.1-mm rastered beam at 7.5 ns. 
(70-00-0399-0771pb01)
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modulation enhancement of about 1.5,
entirely due to the nonvertical edges of the
wet-etched steps. (The calculations
assumed ideal etched depths. Errors in the
depths of the etched steps are another
source of intensity enhancement.) The
modulation can be decreased by decreas-
ing the density of the edges (that is, by
increasing the period of the CSG). This
model predicts that an uncoated CSG with
an 1100-µm period will cause an intensity
enhancement of about 1.3. 

Color separation gratings with vertical
edges and perfectly etched step depths
would not contribute to intensity enhance-
ment. Ion-beam etching can potentially
create substantially vertical sidewalls; but,
as this is written, ion-beam etchers that can
maintain an etch-depth uniformity of 1%
over a 40-cm square aperture on a thick
fused-silica substrate are not a proven
technology. 

As previously stated, dip coating is the
baseline process for applying AR coatings
to NIF transmissive optics. However, other
available coating technologies have been
investigated. One, known as spin coating,
is a standard coating process in the semi-
conductor industry using high centrifuga-
tion to apply uniform films onto wafer
surfaces. It has applied AR coatings that
are significantly more conformal (less 
planarizing) than dip coating on small 
(5-cm-diam) CSGs. However, spin-coated
AR layers on large rectangular parts, rele-

vant to NIF, have exhibited significant and
highly variable planarization effects, which
depend on the spin rate, orientation of the
grating steps, and their position on the
substrate. It has been concluded that sol-
gel coatings deposited by either method on
the CSG’s surface are unsuitable for NIF
because of the likelihood of damaging
downstream optics. An AR coating applied
by vacuum-deposition techniques would
be largely conformal and would not con-
tribute to downstream modulation; but
such coatings that can survive the NIF’s 3ω
baseline fluence do not exist. 

The design for the NIF CSG is evolving
toward using the natural dispersion of the
focus lens to eliminate 1ω and 2ω light from
the target, for all but the central portion of
the beam. Here, a subaperture, uncoated
CSG with a maximum allowable period
(about 1 mm) will divert the 1ω and 2ω light
from the target. A schematic of this concept
is shown in Figure 9. This design will mini-
mize the area and density of etched steps
and will therefore minimize the modulation.
The grating period is maximized by using a
“split” grating design with the grating’s
stairsteps facing away from the substrate’s
centerline, instead of facing in the same
direction across the entire aperture. With this
design, light of a particular wavelength does
not have to cross from one side of the grat-
ing to the other at focus, so the deflection
angle needed becomes less, and the period
can therefore become larger. 
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FIGURE 8. The calculated maximum
peak-to-average intensity ratio, as a
function of distance downstream from
a wet-etched color separation grating
(with and without a dip-coated AR
layer). The calculations were done
using measured profiles for the step
edges and AR overcoat topography.
The calculations did not take into
account the refractive index difference
between the coating and substrate. 
(a) = 345-µm grating period with an
AR dip coat; (b) = 345-µm grating
period, bare; (c) = 1100-µm grating
period, bare.     (70-00-0399-0772pb01)
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situations are illustrated in Figure 10. These
data imply that AR dip coats on the BSGs
are indeed largely planar. 

The diffraction efficiency of a BSG
drops about 40% when the same sol-gel
layer is applied by spin coating at about
2000 rpm, suggesting an intermediate
degree of planarization. In the case of
BSGs, this planarization does not increase
the likelihood of laser-induced damage,
but the sensitivity of the diffraction effi-
ciency to the coating’s characteristics rais-
es the possibility that environmental
changes to the coating can cause unaccept-
able changes to the diffraction efficiency.

Beam Sampling Gratings
The performance of a BSG is also influ-

enced by AR coatings. The measured first-
order diffraction efficiency of one NIF-scale
BSG changed, from 0.4% bare to 0.15%, after
a dip-coated AR layer was applied. The BSG
structures are significantly shallower than
the nominal 3ω AR-coating thickness of 
72 nm. Calculations predict that transmitted
first-order diffraction efficiency drops by
more than a factor of three when the grating
is covered with a completely planar AR
overcoat. However, it does not change if 
the coating is completely conformal. These
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FIGURE 9. Schematic of
a subaperture, split,
color separation grating
design that minimizes
the area of the CSG and
the etched step density. 
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Work is under way to characterize, both
experimentally and via modeling, the sen-
sitivity of the diffraction efficiency of AR-
coated BSGs to environmental changes
(such as those resulting from the presence
of humidity and condensable organic 
contaminants).

Combining Diffractive
Structures on One Surface

We have demonstrated the feasibility of
combining the BSG and the CSG on the
same surface10 by the wet-etch process. The
fine BSG structures are formed first on a fea-
tureless substrate, then the CSG is made.
(Fabricating the CSG first and then adding
the BSG is problematic. Planarization of the
resist over the CSG’s topography would
result in resist film-thickness variations
beyond the processing latitude of the holo-
graphic exposure technique used to write the
BSG pattern.)

The processing steps for both elements
of the combined structure are the same as

described earlier. Figure 11 shows CSG
features that have been profiled by white
light interferometry and BSG features that
were measured by atomic force micro-
scopy. The measured optical performance
of each diffractive structure is not affected
by the presence of the other. The slight
tapering of the BSG profiles as they are
propagated into the bulk during the CSG
step etching is predicted by isotropic etch-
ing models.10,11 These model calculations
show that the nominal NIF BSG profile
can be wet-etched approximately four-µm
deep before the grating ridges begin to
lose height. Since the combined depth of a
CSG/KPP is only 2.3 µm at most and the
methods for fabricating the KPP and CSG
are the same, it would be straightforward
to fabricate all three NIF diffractive struc-
tures on the same surface. This is an
enabling development, since it might
become important to concentrate all
diffractive structures onto one surface 
and leave it bare, in light of the problems
that have arisen in finding a suitable 
AR coating.
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FIGURE 11. Beam sampling grating profiles measured by atomic force microscopy on different CSG steps, which are imaged by white light
interferometry. Initial grating aspect ratio (height/width) ≈ 0.015. Upper-right corner shows model calculations for the initial and final BSG
shape after etching to the depth of the deepest CSG structure. (70-00-0399-0775pb01)
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Summary

We have fabricated demonstration
diffractive optics required for the NIF’s
baseline design at full-scale via a wet-
chemical etching of fused silica, using fab-
rication techniques and processing
equipment suitable for large-scale produc-
tion. We have examined the effect of AR
sol-gel coatings on the performance and
laser-damage resistance of diffractive
optics, and have concluded that the color
separation grating must be left bare or the
grating must be stripped of its sol-gel coat-
ing to minimize modulation effects that
will damage downstream optics. We have
also demonstrated the feasibility of com-
bining all NIF diffractive structures onto
one surface.
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The cost and physics requirements of
the NIF have established two impor-

tant roles for potassium dihydrogen phos-
phate (KDP) crystals. 

1. To extract more laser energy per unit
of flashlamp light and laser glass, the
NIF has adopted a multipass archi-
tecture as shown in Figure 1. Light is
injected in the transport spatial filter,
first traverses the power amplifiers,
and then is directed to main ampli-
fiers, where it makes four passes

before being redirected through the
power amplifiers towards the target.
To enable the multipass of the main
amplifiers, a KDP-containing Pockels
cell rotates the polarization of the
beam to make it either transmit
through or reflect off a polarizer held
at Brewster’s angle within the main
laser cavity. If transmitted, the light
reflects off a mirror and makes
another pass through the cavity. If
reflected, it proceeds through the
power amplifier to the target. 

PRODUCING KDP AND DKDP CRYSTALS
FOR THE NIF LASER
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crystals within the
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the original seed crystal as the pyramid
faces grow. Unfortunately, this pyramidal
growth is very slow, and it takes about 
two years to grow a crystal to NIF size. To
provide more programmatic flexibility and
reduce costs in the long run, we have
developed an alternative technology com-
monly called rapid growth. Through a
combination of higher temperatures and
higher supersaturation of the growth 
solution, a NIF-size boule can be grown 
in 1 to 2 months from a small “point” seed.
However, growing boules of adequate size
is not sufficient. Care must be taken to pre-
vent inclusions of growth solution and
incorporation of atomically substituted
impurities in the prism growth. Other
issues important for meeting transmitted
wavefront quality, absorption, and laser
damage criteria must be addressed also. 

During the past year, we made substan-
tial progress towards bringing the rapid
growth technology to the stage needed to
supply most of the KDP and some of the
DKDP needed for the NIF. This article
reviews the technical hurdles that were
overcome during this period and outlines
some of the issues yet to be fully resolved.
It also covers some of the efforts to trans-
fer this technology to two potential ven-
dors for NIF crystals—CCI and Inrad—as
well as the development of crystal finish-
ing technology.

Crystal Growth
For several years, the rapid growth pro-

cess has reproducibly grown crystals of
high visual quality up to about 20 cm in
linear dimensions in tanks containing less
than 100 L of solution. These systems
demonstrated many of the important con-
ditions needed to grow crystals of NIF
quality, such as solution purity and ways
to achieve adequate mass transfer at the
growing crystal surface. Over the past
year, this understanding has been applied
at the 1000-L tank scale in order to
improve yields of NIF-size boules to the
point where rapid growth can become an
industrial production process. This section
reviews the fundamentals of the growth
process and the particular problems that
affect the commercial viability of rapid
growth for NIF-scale boules. 

2. Implosions for ICF work far better at
shorter wavelengths due to less gener-
ation of hot electrons, which preheat
the fuel and make it harder to com-
press. Compromising between optic
lifetime and implosion efficiency, both
Nova and the NIF operate at a tripled
frequency of the 1053-nm fundamen-
tal frequency of a neodymium glass
laser. This tripling is accomplished by
two crystals, one made of KDP and
one made of deuterated KDP (DKDP).
The first one mixes two 1053-nm 
photons to make 526-nm light, and 
the second one combines a residual
1053-nm photon with a 526-nm pho-
ton to make 351-nm light.

The locations of the Pockels cell and fre-
quency conversion crystals in the laser are
also shown in Figure 1, along with the ori-
entation of the plates as they are cut from
the crystal boule. Although all finished crys-
tals will be 41 cm square, their different ori-
entation with respect to the crystal axes,
required in order to accomplish their differ-
ent functions, causes different boule size
requirements for the three types of finished
crystals. The Pockels cell crystal is the easi-
est, since it is cut horizontally with respect
to the base of the crystal. As a result a 
43-cm square boule is large enough, includ-
ing a 1-cm buffer for finishing purposes,
and the plates stack efficiently up to or even
into the pyramidal cap, depending on the
size of the base. Only about 15 of these
small boules are needed. The KDP doubler
crystal is the most challenging, as it is rotat-
ed in two axes with respect to the base. As a
result, the minimum size base for a single
doubler crystal is 51 cm, and a symmetric
55-cm-square by 55-cm-high boule will gen-
erate only six doublers, so nearly 35 of these
boules will be required. A symmetric DKDP
tripler must be a minimum of 55 cm high to
be tall enough for a single tripler, but that
minimum size will yield about 15 triplers.

Boules of both KDP and DKDP meeting
NIF size and quality requirements have
been grown by Cleveland Crystals, Inc.
(CCI), by what is often called conventional
growth. In this case, impurities in the
growth solution poison growth of the verti-
cal faces (prisms), thereby maintaining a
cross section approximately equal to that of
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The fundamental property of nature
enabling rapid crystal growth is that KDP
can attain very large and stable supersatu-
rations in solution. In other words, KDP
will not spontaneously crystallize from
solution when a solution is prepared at
high temperature and then cooled so that
the salt concentration is above its equilibri-
um solubility. This is because any pro-
tocrystal formed by a statistical fluctuation
has to reach a minimum size before
growth is thermodynamically favorable.
(This same nucleation criterion occurs in
many aspects of chemistry and physics.)
Measurements have shown that stable
supersaturations from 35% at 65oC to 100%
at 10oC can be attained if the solution is
thoroughly preheated to eliminate any
nucleation sites, and stability is not affect-
ed by impurities at the level of tens to hun-
dreds of parts per million.1 This super-
saturation is much higher than the 3–20%
required for growing crystal faces at rates
of 10–20 mm/day. 

When a seed crystal is introduced into
this supersaturated solution, the crystal
immediately grows at a rate that depends
on a variety of chemical kinetic and mass
transfer factors. Practical experience over
many years has shown that the best way to
start this process is to first partially dissolve
an oriented seed crystal of about 1 cm3 in
size above the saturation temperature, then
decrease the temperature until the solution
supersaturation reaches about 3%, at which
time the seed “regenerates.”2 Regeneration
is a process in which a rectangular base and
pyramid form over the partially dissolved,
rounded seed crystal. A picture of a regen-
erated seed is shown in Figure 2. It is
important to accomplish this regeneration
rapidly (over 1–3 hours) so that each crystal
face will have numerous imperfections
called dislocations. The crystal grows by
adding atoms from solution to a set of
atomic steps that emanate from these dislo-
cations. This configuration is called a
growth hillock, and a microscopic picture of
a growth hillock is shown in Figure 3.3 As
growth proceeds, the stronger growth
hillocks crowd out the weaker ones, and
favorable growth proceeds with one to 
four hillocks on each crystal face. Crystals
continue to grow as long as the temperature
is decreased to maintain appropriate 

supersaturations. The growing crystal is
rotated back and forth on a horizontal plat-
form with a washing machine-like action to
maintain good mass transfer.

Even though the growth solution is sta-
ble with respect to homogeneous nucle-
ation, occasional heterogeneous formation
of a single unwanted seed at a variety of
possible locations can cause the formation
of unwanted crystals, which are generally
first observed on the bottom of the tank.
This crystal, being grown in nonoptimal
conditions, usually cracks and subdivides,
thereby seeding other parts of the tank.
When one of these seeds inevitably lands
on the product crystal, its quality will be
spoiled and the run ruined. Eliminating
these spurious crystals for the entire two
months of a growth run continues to be
one of the most important challenges for
cost-effective production.

Impurities in solution are detrimental
for a variety of reasons: 

• They affect the growth rates of the
prism faces. 

• They can enhance the formation of
inclusions of growth solution that
reduce optical quality. 

• They substitute into the atomic lat-
tice in the prism sectors and cause
inhomogeneities in the refractive
index and loss of optical transmis-
sion by absorption. 
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FIGURE 2. Photograph
of a recently regenerated
seed. The cloudy regen-
eration layer is covered
with about 1 cm of clear
growth.
(40-00-0299-0435pb01)



• They may form particulates that
affect the laser damage threshold of
the material.

While the chemical structure of the pyra-
mid face causes typical ionic impurities to
be rejected from the growing crystal, the
chemical structure of the prism face causes
them to be selectively absorbed and incor-
porated into the crystal.4 A few examples of
this selective absorption and rejection are
shown in Table 1. Fe is the most important
impurity in terms of transmittance, because
FePO4 is highly absorbing at 351 nm, result-
ing in a maximum acceptable Fe concentra-
tion of 200 ppb for salt from which DKDP
triplers are to be grown.
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FIGURE 3. (a) Schematic of the crystal surfaces indi-
cating where the atomic steps (pictured through an
atomic force microscope) emanate from dislocations
on the (b) pyramid and (c) prism. The resulting
macroscopic feature is called a growth hillock. The
crystal grows by adding atoms from solution at the
edge of the steps. (40-00-0299-0436pb01)

TABLE 1. Concentrations of typical impurities in 
the raw material and in the pyramidal and 
prismatic sectors of KDP crystals.

Raw
Impurity material* Pyramid* Prism*

B 1000 ND ND

Na 86,000 ND ND

Al 900 200 4400

Si 12,000 <100 390

Ca 3600 ND ND

Cr 2000 490 11,000

Fe 5300 110 12,000

*Units of ng/g KDP
ND = not detected



Impurity incorporation into the prism
face also affects the relationship between
growth rate and supersaturation, as shown
in Figure 4.5 At low supersaturations,
impurities effectively stop prism growth,
and this condition is called “the dead
zone.” Conventional growth occurs in this
region, and only pure pyramid material is
formed. Unfortunately, this corresponds to
growth rates less than 1 mm/day, which
results in growth times greater than one
year for NIF-size boules. In the middle
transition zone, relatively small changes in
growth conditions can have a drastic effect
on growth rate. As is typical for any stable,
reliable industrial process, this region
should be avoided. This leaves the high-
growth region as the most appropriate for
development. 

While the effect of impurities on growth
rates is understood quantitatively over
some range of conditions, it is not under-
stood quantitatively for mixtures of impuri-
ties and over the wider temperature range
used to grow crystals. Rather than attempt
to quantify this parameter space in detail,
our approach was instead to reduce impuri-
ties to the lowest practical level, which is
also important for meeting other specifica-
tions, and use the qualitative principle of
maintaining the highest possible growth
rate to minimize the effect of impurities 
on growth instability. Once the necessary

purity of the starting salt was attained 
(<0.5 ppm impurities), the contribution of
impurities from the Pyrex growth tanks
was explored. Though usually inert, there 
is a finite rate of tank dissolution in the hot
KDP solutions used for rapid growth.4

Using measured Pyrex dissolution rates and
the uptake coefficients for various impuri-
ties in the prism sector, we have successful-
ly modeled the buildup and eventual
consumption of Al and Fe in the growth
solution,6 as shown for Al in Figure 5.
Elements such as B and Si are not absorbed
in the crystal and continue to build up in
the growth solution, while others such as
Ca are roughly constant during each
growth run but increase after each resatura-
tion of the growth solution. Plastic tanks are
being considered to eliminate this problem.
Another important recent advance for
maintaining crystal quality is the successful
implementation of constant filtration to
remove particulates that come from moving
equipment or precipitation.7

At high growth rates, another problem
becomes important. Variations in KDP con-
centration on the µm scale at the growing
crystal steps can cause inclusions of
growth solution. These inclusions can easi-
ly be large enough to cause more obscura-
tion by scattering than can be tolerated in
the laser. Figure 6 summarizes much his-
torical data on the occurrence of pyramidal
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degradation of prismatic KDP that occurs
at slow growth rates while avoiding the
potential formation of massive pyramidal
inclusions at high growth rates.

Microscopic investigations, hydrody-
namic modeling, and theoretical modeling
have been combined to provide a good
mechanistic understanding of the 

inclusions in 1000-L growth tanks through
1998, indicating that for low rotation rates
pyramidal inclusions are much more
prevalent at high growth rates. The same
trend occurs for prismatic inclusions. 
This presents the crystal grower with a
dilemma—how to avoid the detrimental
effects of impurity buildup and associated
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FIGURE 5. Comparison
of measured and calcu-
lated Al concentration in
the growth solution as a
function of time. The Al
concentration initially
rises because the rate of
glass tank dissolution
dominates when the
crystal is small; it later
falls because the rate of
uptake in the prism face
increases with crystal
size and exceeds the
glass dissolution rate,
which drops with tem-
perature.
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formation of inclusions. A micrograph of
one type of unstable growth is shown in
Figure 7, in which “fingering” is apparent
on the advancing growth step.8 Although
thermodynamics promote the filling of cav-
ities between the fingers during slow
growth, kinetics can cause the fingers to
grow catastrophically, thereby surrounding
and occluding growth solution. Solution
moving in the opposite direction of the step
advance is depleted in concentration as it
moves past the tips of the fingers and
towards the cavities, thereby causing a
faster growth rate at the tip of the finger
than at the base. Rapidly alternating the
direction of flow helps prevent this catas-
trophic growth. A second type of instability
involves the bunching and bending of ele-
mentary growth steps into macrosteps due
to inadequate stirring.9 When macrosteps
from two sides of a growth hillock bend
around and approach each other from the
opposite direction, a deep valley can be
formed. Inclusions also tend to form in the
vicinity of this valley. Valley formation can
be minimized by rapid rotation, thereby
keeping the solution concentration in the
center of the crystal face closer in magni-
tude to that along the edges.

Through a combination of these fundamen-
tal studies and growth experiments at various
scales over the past year, we have shown 
that better mass transfer by increased accelera-
tion and rotation rates can increase the inclu-
sion-free growth rate by 20 to 40% over the
slow rotation limit shown in Figure 6. The
best-quality NIF-size KDP boule grown to the

time of this writing, completed in late 1998,
followed the solid-square growth trajectory
also shown in Figure 6, substantially above
that previously considered safe. An important
aspect of achieving these higher rotation rates
was the design and fabrication of streamlined
Al growth platforms coated with a nonleach-
ing Teflon-like coating.

The shape of the product crystal is also a
practical problem. When grown rapidly
from a pure solution intended to meet quali-
ty objectives, DKDP especially tends to
grow with a height-to-width (aspect) ratio
as low as 0.7. Since our circular growth plat-
forms have a diameter of 90 cm, the maxi-
mum symmetric-base is 63 cm, which
would produce a crystal only 44 cm high—
too short for triplers. A similar though less
severe problem occurs for KDP. Improving
aspect ratio by allowing more solution
impurities to retard prism growth is unde-
sirable, especially for DKDP, which is chal-
lenged to meet a more difficult 351-nm laser
damage threshold. As a result, we are
exploring a variety of ways to improve dou-
bler and tripler yields by making more opti-
mal shapes. One idea is using an off-center
seed to promote asymmetric growth of the
type shown in Figure 8a, which is appropri-
ate for increased doubler yield. A method
for triplers is to grow the DKDP boule hori-
zontally, which increases aspect ratio (now
rotated) by eliminating one growth prism
and adding a second pyramid. Again very
recently, a good-quality horizontal DKDP
boule, shown in Figure 8b, was grown for
the first time to NIF size. Successful shape
control could increase conversion crystal
yields by a factor of two over that from
symmetric, vertically grown boules.

Laser Damage
At high laser fluences, KDP and DKDP

damages in the bulk by forming pinpoint
scattering sites a few micrometers in size.10

The basic consideration driving the laser
damage specification is that this scattering
should not exceed 0.1% of the laser light per
optic traversed at the fluences expected for a 
1.8-MJ ignition shot. The relevant fluences
are an average of 12 J/cm2 and 3σ limit of 
18 J/cm2 for 1053-nm light over 3 ns on the
KDP doubler and an average of 8.7 J/cm2

and 3σ limit of 14.3 J/cm2 for 351-nm light
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1 mm

FIGURE 7. Fingering growth of macrosteps on the
KDP surface. (40-00-0299-0440pb01)



We made progress during the past year in
understanding both the relationship of easily
measured, laser-damage distribution curves
and how to condition the crystals to mini-
mize damage on-line. Through a combina-
tion of constant filtration during growth and
thermal annealing of the plates at 160oC over
several days, damage of KDP at 1053 nm is
not a serious issue. On the other hand, the
damage characteristics of DKDP at 351 nm
are more variable for unknown reasons, and
much of the material formed under the best
conditions as currently understood and pre-
conditioned by low-fluence shots is only
marginal at NIF fluences.

To understand laser damage studies, one
must first understand the nomenclature
and characteristics of the standard tests:

1/1 a single laser shot of specified 
fluence

S/1 a set of shots (typically >100) of 
specified fluence

N/1 a small sequence of shots from low
to high fluence

R/1 a ramp of many shots (typically
>100) from low to high fluence

In addition, the damage characteristics
of any material varies from location to loca-
tion, so results are ordinarily presented in
terms of the distribution of fluences at
which a specified amount of damage occurs
over many 1-mm beam spots, typically 100.

Figure 9 shows a comparison of the S/1
and R/1 damage distributions curves for
KDP sample 214, both as grown and after
thermal annealing. Note that the R/1 dam-
age curve occurs at higher fluence than the
corresponding S/1 curve, indicating the
beneficial effect of the laser conditioning
inherent in an R/1 experiment. Also note
that both the S/1 and R/1 curves shift to
higher fluence upon thermal annealing.
These results are typical of all KDP sam-
ples grown with constant filtration, indi-
cating that thermally annealed KDP
normally damages at fluences above that
required for the NIF, especially if the laser
energy is increased to NIF fluences over
several shots. The acceptability of the R/1
threshold is unambiguous, since essential-
ly no damage occurs for the maximum
expected NIF fluence, but further clarifica-
tion is needed for the S/1 case. Even 10%

over 3 ns on the DKDP tripler. The allow-
able damage is equivalent to about 
100 pinpoints/mm3 of crystal volume. 

In practice, the allowable damage criterion
is more complicated. First, the extent of dam-
age occurring at any given fluence depends
on the previous laser exposure of the optic:
low-fluence shots tend to condition both
KDP and DKDP, resulting in less damage at
higher fluences than if the material were ini-
tially exposed to the high fluences. Second,
since much of the damage occurs in areas of
the beam with above-average fluences, the
accumulated damage over time depends on
how much and how fast the areal fluence
distribution changes in the NIF beam over
many shots. In addition, the amount of dam-
age occurring in KDP can be reduced by
thermally annealing the material.
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(a)

(b)

FIGURE 8. Recent
rapid-growth NIF-size
boules. The top boule
will yield about 11 KDP
doublers, and the bot-
tom boule will yield
about 12 DKDP triplers.
(40-00-0299-0441pb01)



failure probability on this scale for the
average NIF fluence is not a problem
because damage is detected at a level in
which most of the light is still transmitted
and the damage pinpoints do not grow.

The situation for damage of DKDP at 
351 nm is less certain because of fewer data,
the greater variability of DKDP properties,
and the overall proximity to the damage
requirement. Furthermore, enhancement of

the damage threshold by thermal annealing
is not practical because either decomposition
or recrystallization occurs at temperatures
required for annealing. A summary of all
R/1 data to date for both conventional- and
rapid-growth DKDP are shown in Figure 10.
Note that the best conventional-growth
DKDP has a damage distribution far greater
than NIF requirement, indicating that the
desired material can be grown. However, the
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1-cm-diam, 3-ns, 351-nm beam with the
Optical Science Laser (OSL). Pinpoint den-
sity and obscured area for a 1-cm-thick
crystal is given in Figure 10 as a function of
fluence for an N/1 ramp of 8 shots. When
this pinpoint density is convolved with the
expected NIF beam fluence profile as
shown in Figure 11, 0.3% obscuration is
predicted by the time the laser reaches a
1.8-MJ shot. This is close to the desired
goal, so the R/1 damage distribution of this
sample represents a possible lower accept-
able limit.

Crystal RG8A-1 was used to generate
351-nm light on one of the Beamlet experi-
mental campaigns. The crystal was
ramped over 9 shots to a maximum flu-
ence of 3.8 J/cm2 over 1.5 ns, which corre-
sponds to ~5.5 J/cm2 in 3 ns and 8.6 J/cm2

in 7.6 ns assuming a τ0.5 scaling law.
Essentially no bulk damage was observed,
which is consistent with being at the very
beginning of damage for the R/1 curve.
An estimate of the pinpoint density vs flu-
ence distribution, convoluted with the
measured beam profile on Beamlet, leads
to a prediction of about 0.1% obscuration
loss. However, the average NIF full flu-
ence corresponds approximately to the 
80–100% damage level, so RG8A material
is not expected to meet the damage
requirements of NIF for full-fluence shots.
Consequently, the ability to grow NIF-size
DKDP boules of sufficient quality by rapid
growth is yet to be demonstrated.
However, it is encouraging that several
samples of sufficient quality have been
grown in 20-L tanks.

While conversion crystals initially
installed onto the NIF may see a gradual
increase in fluence, and thereby achieve
laser conditioning on line, subsequent
replacements will not have that opportuni-
ty. Moreover, uncertain performance during
initial start-up provides some risk to the
initial conversion crystals. Consequently, it
is highly desirable to provide laser condi-
tioning of the conversion crystals by raster
scanning prior to installation. Figure 12
shows the improvement of the S/1 damage
fluence distribution with one and two
raster preconditioning steps. (The two 
steps are required because attempts to
raster-condition crystals in a single scan 

damage threshold is quite variable for rea-
sons not yet completely understood (dis-
cussed below), so highly efficient production
is not yet in hand. 

Because of the proximity of the damage
distribution curve of many samples to the
NIF fluence distribution, a closer evaluation
is appropriate. Sample DKDP11, one of 
the best by rapid growth, was exposed to a
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is hampered by jitter of the raster beam,
which causes too large of fluence jumps.)
The two-step preconditioning raises the S/1
damage distribution to near that of the R/1
curve, demonstrating that off-line condi-
tioning can be an effective way to bring
new optics on line. 

Considerable effort has been invested in
discovering the precise mechanism of bulk
laser damage so that the damage threshold
can be improved. Recall that the NIF fluence
is constrained by damage to the crystals.
First, a comparison of preexisting laser scat-
tering sites with subsequent laser damage
locations reveals no correlation between
scattering and damage at either 1053 or 
355 nm, presumably because the scattering
sites have negligible absorption.11 Similarly,
bulk absorption is not related to damage;
the 355-nm damage distributions for prism
and pyramid material are the same even
though the content of dissolved iron and
resulting absorption coefficient are substan-
tially different.12 Simple thermal calcula-
tions show that even a few percent of laser
absorption evenly distributed throughout
the material should not be a problem, but
localized heating from highly absorbing par-
ticles in the range of 10–100 nm can easily
cause thermal and acoustic shock damage to
surrounding material. FePO4 has the
required absorption coefficient at 3ω, and
addition of FePO4 powder to the growth
solution causes a major drop in the 3ω dam-
age curve. In addition, secondary ion mass
spectrometric (SIMS) analysis of the material

sputtered from three damage sites showed
significant amounts of Fe and Cr in addition
to major amounts of Ca. Perhaps the Ca
buildup from repeated resaturations causes
the formation of mixed cation phosphate
precipitates. Further work is in progress to
test this hypothesis.

Finishing Development
Producing finished crystal optics with 

an aspect ratio of greater than 40:1 from
large boules poses a variety of fabrication
challenges. Many of the primary specifica-
tions for NIF crystals are difficult to meet.
Three of the more difficult specifications are
related to crystal surface figure and finish
and include: short wavelength surface
roughness (3.0 nm rms for λsp <0.12 mm),
surface waviness (6.4 nm rms and power
spectral density for λsp between 0.12 mm
and 33 mm), and 5λ (λ = 633 nm) peak-
to-valley surface figure for λsp >33 mm.
Perhaps the most difficult specification is
producing finished crystals oriented with
respect to the crystallographic axes such
that the average phase matching angle 
for frequency conversion is accurate to 
±15 µrad (external angle) for doublers and 
± 30 µrad for triplers. Since the phase
matching angle is strongly dependent upon
use temperature and wavelength, extremely
precise finishing machines and metrology
tools are required for process control during
crystal fabrication. In addition to difficult
technical specifications, aggressive cost and
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production schedules necessitated the
development of improved manufacturing
process and tools.

Early development activities focused on
determining the requirements for long-lead
machine tools. The Pneumo Final Finishing
Machine at CCI was improved in 1995–96,
as illustrated in Figure 13. The inspection
data from subsequent parts was used in
laser propagation modeling, which validat-
ed that diamond-turned parts could meet
NIF requirements and established the new
finishing machine requirements. However,
the Pneumo machine is 20 years old, under-
sized, and cannot finish parts in the time
required. Consequently, a new machine
was designed and fabricated by the Moore
Tool Company. The resulting machine,
shown in Figure 14, is currently undergoing
performance acceptance test at LLNL.

While roughness, waviness, and wedge
are controlled by the final finishing machine,
optical figure is largely determined by the
blank fabrication process. Again, current
development activities can be traced back
several years. The Nova fabrication and fin-
ishing process could not reliably produce
finished crystals meeting NIF figure require-
ments. As a result, CCI modified its propri-
etary blank fabrication process in 1995
during Beamlet crystal production, and the
new process has been used to produce many
large-aperture crystals that meet NIF figure
requirements. As shown in Table 2, the pro-
cess of producing flat blanks is now well in
hand. Again, however, the CCI machines are
old, undersized, and too slow to meet NIF
production schedules.
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FIGURE 14. The Moore
Final Finishing Machine
has now been assembled
and is undergoing
acceptance testing. 
(40-00-0299-0447pb01)



Consequently, Lawrence Livermore
National Laboratory (LLNL) started devel-
oping a new set of custom machine tools
in 1997: a boule-facing machine, a profiling
mill, and three flatness machines. The flat-
ness machine is the most challenging of
the three types. It must produce surfaces
that meet the flatness requirements for 
λsp >33 mm. A model of it is shown in
Figure 15, and the first machine is nearing
dry-cut testing. Three z-axis slides provide
approximately 100 mm of vertical travel
and up to 0.25 degrees of tip and tilt.
Compliance tests performed on the z-axis
last summer determined the stiffness of the
z-axis—an important metric on precision

machine tools—to be 36 nm/N 
(6.5 µin./lb). This is actually slightly 
better than the existing Pneumo machine
and leaves open the possibility that the
basic machine design may be good enough
to allow one of the flatness machines, with
modest upgrading to remove roughness
and waviness at scale lengths <33 mm, to
serve as a backup final finishing machine. 

Precise crystal orientation is perhaps the
most difficult finishing specification.
Beamlet tests in 1997 revealed spatial varia-
tions in frequency conversion efficiency that
related to bulk crystal features, making the
orientation process even more challenging.
At the time, the only off-line method that
existed for predicting frequency conversion
performance of crystals involved using sub-
aperture lasers to measure variations in
their phase matching angles. The only pro-
duction tool for this purpose was the
Crystal Orientation Measurement System
(COMS) at CCI. COMS compares the peak
of the tuning curve of a proof crystal and a
crystal being tested by comparing the
amount of laser energy converted by each
crystal as both are rocked in parallel beams
on a common mount. However, the COMS
configuration could only be used to access
two points on each crystal.

Diagnostic techniques developed during
Beamlet frequency conversion experiments
have provided a breakthrough in this
regard. Variations in frequency conversion
efficiency correlate very well with varia-
tions in crystal birefringence determined
simply by subtracting the transmitted
wavefront through crystals at two orthogo-
nal polarizations corresponding to the “o”
and “e” transmission axes.13 This tech-
nique, now called “orthogonal polarization
interferometry” (OPI), provides a valuable
alternative to mechanically complex two-
dimensional scanning for determining the
relative phase matching angles across the
full aperture of crystals. However, OPI
determines only the relative values across
the crystal, not the absolute phase match-
ing angle needed for NIF production. 

The Crystal Alignment Test System
(CATS), now under development, relies on
OPI to determine the distribution of phase
matching angles across a crystal. Small beam
frequency conversion data from the CATS
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TABLE 2. A summary of crystals produced for
Beamlet since 1996 shows that the flatness process 
can meet NIF specifications at high yield.

Surface figure
Crystal (waves @ λ = 633 nm)

328-4 8
328-5 5
328-6 4

RG8B-1 2.2
RG8B-2 2.3
RG9B 2.1
345-1 4.5

70% LL37-1 1.1
LL6-11 4.5

FIGURE 15. The LLNL Prototype Flatness Machine
design is highly integrated to reduce complexity dur-
ing machine assembly. (40-00-0299-0448pb01)



temperature between the proof and the
crystal being tested must be controlled.
The system is also insensitive to variations
in laser wavelength between the NIF use
wavelength and the CATS laser, since both
the proof and crystal being tested see the
same wavelength. There is only a minor
error introduced if the deuteration level of
a tripler crystal being measured is differ-
ent from the tripler proof.

Conclusions
Rapid growth has now grown numer-

ous boules of NIF size. The technical chal-
lenge for KDP is to increase process
reliability and doubler yields to minimize
costs, as all performance specifications
have been achieved. Thermal annealing is
an important aspect of meeting those spec-
ifications. The principal technical chal-
lenge for DKDP is to increase 3ω damage
threshold at full size to the NIF require-
ment. The best DKDP grown in small
tanks has better 3ω damage properties
than needed for the NIF, but that level has
yet to be demonstrated in large boules.  

The Moore Final Finishing Machine,
flatness machines, and CATS together
form the primary foundation needed to
meet the most difficult of the crystal fin-
ishing specifications. The Moore Final
Finishing Machine is undergoing final 
testing. Mechanical assembly of the LLNL
Prototype Flatness Machine is nearly 
complete, and compliance tests were very

will supplement the OPI with absolute
phase matching angles for a line of points
along the crystal. The two data sets can then
be correlated to provide a map of the abso-
lute phase-matching angle at all points on
the crystal and an average phase matching
angle that is used to correct crystal orienta-
tion during final finishing operations. 

The CATS design, shown schematically in
Figure 16, is conceptually very similar to the
existing COMS in that each measurement is
referenced to a precisely oriented proof crys-
tal. Two parallel beams pass through the
proof and test crystals, which are mounted
on a single diamond-turned chuck. Penta-
prisms are used to produce two parallel
beam paths, thereby greatly simplifying the
mechanical and controls requirements of the
system. Because frequency conversion crys-
tals are insensitive to out-of-plane rotation
errors in the pentaprisms, there is no need to
compensate for slide straightness errors or
adjust beam alignment at each point in the
scan line. During operation, one beam 
samples the proof while the other samples
the crystal to be tested. The mount is rocked,
and converted power is measured in both
channels. The resulting tuning curves are
curve-fit to determine the phase matching
angle offset between the two crystals.

The use of calibrated proof crystals in
CATS greatly reduces the sensitivity of the
measurements to systematic errors, includ-
ing temperature, laser wavelength, point-
ing jitter, etc. For example, by comparing
crystals to a known proof, only the relative
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FIGURE 16. The concep-
tual layout of Crystal
Alignment Test System
reveals many similarities
to COMS, its predecessor.
(40-00-0299-0449pb01)
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successful. A new CATS design takes
advantage of new metrology techniques,
and construction of several subsystems are
ready to begin. 
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Polarizers and mirrors are required in
the National Ignition Facility (NIF) to

switch the pulse into and out of the main
cavity and to direct the laser into the target
chamber. Understanding the interaction of
lasers with optical materials aids in the
development of deposition techniques,
coating designs, and postdeposition pro-
cesses necessary to manufacture optical
coatings that survive the fluences required
for ignition. The thin-film deposition tech-
nique affects the microstructure of coating
layers, the formation of defects, and the
interface strength between defects and the
multilayer. The coating design determines
the standing-wave electric field in the coat-
ing and the plasma durability of the outer
surface of the coating. Postdeposition pro-
cessing by laser conditioning minimizes
the effect of coating damage so that surface
morphological changes remain stable with
further irradiation. The effect of these dam-
age sites on beam propagation must be
understood to determine what size and
type of damage is allowable.

Thin-Film Deposition
Technology

A multitude of deposition techniques
exist over a large range of deposition ener-
gies (0.01–5000 eV). The thin-film deposi-
tion technique must be carefully selected
to meet the stringent coating requirements
of the NIF. The optical substrates are large
(up to 1 m diagonally) and numerous
enough that the process should be scalable

for coating multiple optics at a time.
Spectral requirements are challenging,
requiring complex thin-film designs with
thickness control to less than 10 nm and
full-aperture nonuniformities less than 1%.
Coating stress must be minimized to pre-
vent distortion of the laser beam wave-
front. Finally, the coatings must not
interact significantly with the laser during
exposure to high fluences.

Electron-Beam Deposition
Electron-beam (e-beam) deposition, illus-

trated in Figure 1, is a technology that scales
to large optics with sufficient precision to
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The e-beam must be swept over the source
material to prevent drilling or boring, which
changes the deposition angle. Oxide source
materials also tend to have an irregular sur-
face because they are initially formed from
multiple pellets. A metallic source material,
deposited in a reactive environment to gen-
erate an oxide film, has a lower melting
point and higher thermal conductivity.
Therefore, a large, flat, molten metal surface
with minimal drilling produces a stable
deposition plume, as illustrated in Figure 2.
A 3× improvement in plume stabilization is
experimentally observed when switching
from hafnia (HfO2) to hafnium (Hf) source
material.1

The interaction of the e-beam with the
starting material generates particles that
can be incorporated into the film as coating
defects.2 Hafnia plugs have poor packing
densities due to their low thermal conduc-
tivity. Small air voids in these plugs are
exposed by the oscillating e-beam, resulting
in ejected particles. Additionally, a phase
transformation exists in hafnia at ~1700°C.
During evaporation the top surface of the
hafnia is molten at ~2200°C and the bottom
and edge surfaces are in contact with a
water-cooled crucible at ~100°C. There is
therefore a region in the material that
undergoes a monoclinic to tetragonal phase
transformation, resulting in a volumetric
expansion of 3.8%. Volume-induced stress-
es, then, may also eject particles.

Ion-Beam Deposition
Methods

In the quest to achieve thin films resistant
to higher laser energies, other coating pro-
cesses have been investigated for higher
damage thresholds than the e-beam process.
Two of the more promising methods that
have been studied are ion-assisted deposi-
tion (IAD) and ion-beam sputtering (IBS).
IAD uses a conventional e-beam source to
generate the deposition plume and an ion
gun pointed at the optical substrate to
increase the energy of the deposited particles
(Figure 3). IBS uses an ion source that strikes
a target to sputter atoms with higher arrival
energies onto the substrate (Figure 4). The
higher energy of the deposited particles
from these techniques generates denser films
than e-beam coatings. These lower-porosity

produce complex thin-film designs. This
deposition technology has historically been
the main tool of the laser-fusion community
for making high reflectors and polarizers
because laser-damage thresholds have his-
torically increased with the requirements for
higher ICF-laser energies. Significantly less
effort has been put into alternate deposition
processes, so they remain relatively unopti-
mized for high-fluence, large-aperture
fusion optics.

The e-beam deposition process consists
of an electron beam generated by thermion-
ic emission from a filament. The beam is
focused and directed by permanent mag-
nets to a grounded source material. To mini-
mize source-material drilling, electro-
magnets are used to raster-scan the beam
over the surface. A reactive deposition envi-
ronment provides greater flexibility in
selecting source material compositions that
interact more favorably with the e-beam.

The surface topography of the source
material affects the stability and uniformity
of the deposition plume (Figure 2) that has a
cosine function distribution normal to the
incident surface. An irregular surface leads
to an unstable deposition plume that limits
the layer-thickness control required to suc-
cessfully coat the complex NIF designs. If
the source material is an oxide, a small
molten pool forms in the immediate vicinity
of the e-beam due to the low thermal con-
ductivity of the dielectric source material.
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films are less sensitive to humidity-induced
spectral shift and stress changes.3 Although
environmental insensitivity is desirable from
a spectral and stress perspective, the
increased film stability causes defects to be
more tightly bound resulting in catastrophic
ejections during high-fluence irradiation.
These damage sites generally grow upon
continued irradiation, whereas most e-beam-
coating nodular-ejection sites are stable at
the NIF peak fluence.4

Laser Damage
Lasers create damage in optical thin

films when they exceed the damage flu-
ence of the coating. Figure 5 illustrates typ-
ical damage morphologies of hafnia–silica
multilayer coatings. The four most com-
mon damage morphologies are:

• Delaminates.
• Flat-bottom pits.
• Nodular-ejection pits.
• Plasma scalds.

Only damage morphologies that grow,
after continued laser exposure, to sufficient
size to affect system performance must be
prevented. Previous work has demonstrat-
ed that damage less than 280 µm in diame-
ter will not degrade the performance of the
laser.5 Because the components must sur-
vive multiple shots, we must understand
the growth of the various damage mor-
phologies to determine coating lifetimes
(Figure 6).6 Therefore, careful characteriza-
tion of these morphologies is necessary to
determine which are fluence-limiting, how
they affect the lifetime of an optical coat-
ing, and what are their sources.

Delaminates
Delaminates grow at the lowest fluence

and quickest rate, so improvements in 
the coating damage threshold must start
with elimination of this morphology.
Delaminates are caused by the removal of
the outermost layer, most likely due to
thermally induced mechanical stresses
such as buckling. Several phenomena
imply that a surface plasma causes the
delamination damage morphology.
Plasmas are always observed during irra-
diation in coating areas that delaminate,
with a strong correlation between plasma
size and delaminate size. Delaminates can
be found around coating defects and also
in defect-free regions. The scanning-
electron micrograph (SEM) in Figure 5
reveals signs of mechanical failure, such 
as curled and torn edges of the delaminat-
ed overlayer. The lack of plasma scalding
in or around the delaminated site suggests
that the scalded overlayer tears when the
plasma extinguishes or when the plasma
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FIGURE 5. SEM images of laser-induced damage morphologies in hafnia–silica multilayer mirror and polarizer coatings. (40-00-0299-0417pb01)
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propagates away from the surface during
overlayer ejection.

Delaminates in polarizers are affected
by laser incident angle. Delaminates occur
at Brewster’s angle in the Beamlet-design
coatings, yet they are eliminated at an inci-
dence of 45 degrees, suggesting an electric-
field dependence.

Maintaining a minimum overcoat thick-
ness eliminates delaminates.7 A polarizer
coating consists of three parts—a polariz-
ing stack with antireflection coatings on
both sides. The thickness of the outer low-
index layer is determined by optimization
of the design for high transmission of “P”
polarized light. Typical optimized edge-
filter-design polarizer coatings, such as
those used in the Beamlet polarizer, have
overcoat optical thicknesses of about λ/7
(~150 nm physical thickness). These
designs delaminate easily during laser
exposure. Polarizer coatings with over-
coats thicker than λ/3 (~300 nm physical
thickness) do not show this delamination,
even in the presence of plasmas from nod-
ule ejections. Previous work has demon-
strated that damage threshold improves
for high reflectors with silica overcoats that
have a λ/2 optical thickness.8 This type of
overcoat does not affect the spectral char-
acteristics of the coating at the design
wavelength and therefore is an “absentee
layer.” If the optimized design has a thin
overlayer, an additional λ/2 can be added
to the thickness to eliminate delaminates
(as shown in Figure 7) without sacrificing
optical performance.

Flat-Bottom Pits

Flat-bottom pits are circular divots 
that fracture along interfaces correlating to
electric-field maximums. They are interfa-
cial in nature and typically occur within
the first few outer layer pairs. Flat-bottom
pits in hafnia–silica multilayer coatings
grow at high fluences, so they could affect
the optic lifetime. These pits are created
around nodular-ejection sites as well as in
the absence of visible defects. The current
theory is that the presence of embedded
nanometer-scale absorbing seeds is respon-
sible for the formation of flat-bottom pits.9

This theory states that there is sufficient
energy at electric-field peaks to create a
plasma, leading to film buckling and local-
ized radiation damage.10,11

During development of hafnium deposi-
tion for high-damage-threshold coatings, it
was found that flat-bottom pits did not occur
in hafnium-deposited coatings irradiated at
NIF fluences, but they did occur in hafnia-
deposited coatings. Several factors could
explain the dependence of the starting mate-
rial composition on this damage morpholo-
gy, including improvement of interfacial
strength and elimination of nanometer-scale
absorbing seeds. It is not surprising that the
interfacial quality in these coatings is materi-
al-dependent, because the hafnia layers are
polycrystalline and rough while the silica
layers are amorphous and smooth. However,
starting material composition also affects
interfacial quality; coatings deposited from
hafnium and silica have fewer interfacial
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FIGURE 7. Thicker polarizer overcoats significantly improve laser-damage morphology. In micrographs (a) and (b), delamination occurs
within the scalds. In (c), no delamination occurs. (40-00-0299-0419pb01)



Nodular-Ejection Pits

The ejection of nodular defects during
laser exposure results in a crater-like pit.
Modeling of nodular defects reveals up 
to a 5× increase in the electric field due to
the nodule geometry.13 These enhanced
electric fields create localized, thermally
induced stresses that are the likely cause
of nodular ejection.

To understand the relationship between
nodule size and damage threshold, an
atomic force microscope (AFM) was used to
characterize nodules before and after laser
irradiation.14 A correlation was observed
between nodule height (which is propor-
tional to the defect-seed diameter) and 
damage threshold. The increase of electric-
field enhancement with larger seed size 
correlates well with the observation that

voids than those deposited from hafnia and
silica (Figure 8). The effect of starting materi-
al composition on the presence of absorbing
seeds is unknown.

To better understand the influence of the
two different interfaces, a modified high-
reflector design was deposited to cause
electric-field peaks at both types of inter-
faces.12 Simultaneously, a standard high
reflector was deposited as a control piece.
The coatings were deposited using hafni-
um and silica starting materials. After
damage testing, flat-bottom pits were not
observed on the standard high reflector at
up to twice the NIF fluence, although some
interfacial damage occurred at the sub-
strate/thin-film boundary. The modified
design had flat-bottom pits due to the sig-
nificantly higher electric fields, but only at
the hafnium-over-silica interface (Figure 9).
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larger-diameter seeds have a lower damage
threshold. This information can be used to
optimize the coating processes so that
defects are too small to damage the coatings
at the operating fluence of the NIF laser.

The coating process is inherently unstable,
resulting in the generation of particles that
become embedded in the coating. The pri-
mary defect source in the coating process is
material ejected from the source, but defects
are also caused by material that flakes off
shields around the chamber walls and the
tooling, particles from the interaction of the
e-beam with the source material, and parti-
cles from arcing of high-voltage surfaces.15

The e-beam coating process takes place at an
elevated temperature around 200°C. The
thermal expansion of stainless-steel tooling
and aluminum shields is different than that
of the coating materials, causing the coatings
on the interior metal surfaces to delaminate.
Fracturing and delamination can also be
caused by intrinsic stresses in the coating
material (due to the buildup of coatings over
multiple runs) and weak adhesion of the
coating material (due to the monolayers of
adsorbed gasses and organic contaminates
from the metal-cleaning process). All these
particles can be transported by the thermal
plume onto the optical surfaces being
coated.16 Proper chamber preventive mainte-
nance and cleanliness are required to pro-
duce high-damage-threshold coatings.

A focused ion beam (FIB) can be used to
characterize the nodules to determine their
origin.17 The FIB is positioned perpendicu-
lar to the nodule and raster-scanned across
it; half of the nodule material is removed by
sputtering to reveal a vertical cross section
(Figure 10). Once half of the nodule is
exposed, the FIB fluence can be decreased
and positioned to an incidence angle of
about 60 degrees from normal. By bom-
barding the cross-sectioned surface at this
angle, secondary ions are generated and
collected to produce high-resolution images
of the nodule, which reveal information
about the defect seed size, shape, and
chemistry (Figure 11). This information can
be used to infer the origin of the seed.

Round, smooth-edged seeds indicate
molten ejecta from the interaction of the 
e-beam with the source material. Rough-
edged seeds indicate solid ejecta from
either e-beam/source interaction, arcing of

coated surfaces, or particles that contami-
nated the substrate before coating. By com-
paring the contrast of the seed with the
individual coating layers, particle compo-
sition can be inferred. Thick hafnia flakes
and thin multilayer flakes have also been
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thresholds depending on the diameter and
depth of the seed.18 The lower the laser 
fluence that is used to eject a nodular defect,
the smaller the plasma that is created, reduc-
ing the probability of microcracks propagat-
ing from the pit and decreasing the size of
the plasma scald. After the nodule is ejected,
a high-damage-threshold pit remains
because electric fields are low in smooth
pits. Nodules ejected at higher fluences have
a greater probability of generating microc-
racks, which on subsequent shots result in
electric-field-enhancement sites for plasma
formation that can lead to runaway growth.

Large-aperture laser conditioning of
coatings has been demonstrated to
improve the damage threshold of optical
coatings.19 To reduce the cost of laser con-
ditioning, a single-step laser conditioning
method was tested.20 By exploiting the
Gaussian shape of the beam and raster
scanning, the surface is exposed to a flu-
ence ramp needed for conditioning
(Figure 13). Beamlet mirrors were success-
fully conditioned with this technique.

Plasma Scalds
A plasma scald is created when a plasma

forms during irradiation and erodes the
overlayer. In the eroded area, a rougher sur-
face with higher surface energy is observed;
the improved wettability of the scalded sur-
face indicates surface cleaning or charging
by the plasma. Previous work has shown
that the damage threshold of a coating can
be significantly increased by adding a λ/2-
thickness low-refractive-index layer, which
does not affect the spectral performance of
the coating.8 Although the reasons for the

observed, indicating that coating flakes
from chamber surfaces can become incor-
porated into the coating during deposition.

Defects in IBS coatings typically occur
with a lower density than e-beam coat-
ings. Laser-damage thresholds in small
areas are typically very high (>40 J/cm2

at 3 ns), due to the low probability of
irradiating a defect. Unfortunately, large-
aperture damage thresholds with a high-
er probability of containing a fluence
limiting defect are significantly lower
(~10 J/cm2 at 3 ns) than those of typical
e-beam films of the same coating materi-
als and optic size. One possible explana-
tion is illustrated by the difference in the
boundaries between the defects and the
multilayer for e-beam and IBS coatings.
IBS coatings typically have continuous
boundaries, even for large defects, but
large e-beam defects have significantly
convoluted, weaker boundaries. Laser-
interaction experiments on IBS coatings
show that large defects ejected at low
fluences grow considerably with repeat-
ed irradiation, but large ejected defects
in e-beam coatings typically have signifi-
cantly less damage that is more stable.

Laser Conditioning to 
Minimize Damage

The severity of pitting can be reduced by
ejection of nodular defects at fluences lower
than the peak NIF fluence. The process of
irradiating the coating at lower fluence is
termed laser conditioning. Figure 12 illus-
trates the laser conditioning method used to
raster-scan a large-aperture optic, with each
subsequent scan at a higher fluence.
Nodular defects have different damage

158

ENGINEERING HIGH-DAMAGE-THRESHOLD NIF POLARIZERS AND MIRRORS

UCRL-LR-105821-99-2

Scan number
2 4 6

Optic dimension (cm)

Fl
ue

nc
e 

(J
/

cm
2 )

20

30

0
1 3 5

10

Fluence ramp
90%

Laser
beam

FIGURE 12. Six-step
laser conditioning 
process.
(40-00-0299-0424pb01)



improvement in the damage threshold are
not well understood, the difference in the
magnitude of surface erosion due to the
presence of a plasma during irradiation is
significant. Upon repeated exposure to laser
pulses, low-index material shows minimal
erosion (~6 nm), but high-index material
erodes completely through to the next layer 
(~140 nm; Figure 14).

The only observable, stable, damage
morphology larger than the critical 280-µm
size was plasma scalding, so the effect 
of the scalds on the laser beam was charac-
terized. Plasma scalds are the result of par-
tial erosion of the outer layer, so they can
be modeled as micromirrors. To create 

sufficient focusing to overcome diffraction
effects, the erosion thickness would have to
penetrate the overlayer.21 Typical depths of
plasma scalds with silica overcoats are less
than 5% of a layer thickness, so they behave
as scatter sites, not as focusing elements.

Measurements were also conducted to
understand the influence of the increasing
surface roughness on the reflectivity of the
scalded area. A 50-mm-diameter plasma
scald was clearly visible to the naked eye
as a discoloration of the coating. However,
reflectivity measurements at the NIF laser
wavelength showed no degradation within
the resolution of the Nova photometer
with an accuracy of ± 0.2%.
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If fluence-limiting defects are present on
NIF optics, their effect on optic lifetime will
be mitigated by several statistical factors.
Because only a small percentage of the coat-
ed surface is exposed to the NIF peak flu-
ence, damage growth will only occur when
a low-density, fluence-limiting defect—
which populates only ~0.0005% of the sur-
face—is struck by the highest-fluence
regions of the beam. The average growth
rate of damage sites will be reduced
because many of the NIF shots will be
below peak fluence. Finally, coatings will be
conditioned at fluences slightly below peak
to minimize conditioning-induced damage,
also slowing damage growth.

Summary
Optical coatings can be generated by

several energetic processes, including 
e-beam deposition, ion-assisted deposition,
and ion-beam sputtering. E-beam coatings
have demonstrated the highest large-
aperture damage thresholds for fusion
lasers. By understanding the sources of 
various damage morphologies, the coating
process and design can be engineered to
produce coatings capable of withstanding
NIF fluences. Delamination can be eliminat-
ed by selection of an appropriate overcoat
thickness. Flat-bottom pits can be eliminat-
ed through strengthening the layer inter-
faces by starting with hafnium instead of
hafnia or reducing the peak electric fields at
the layer interface. Nodules are reduced by
good substrate-cleaning techniques, proper
chamber maintenance, and the use of hafni-
um instead of hafnia to reduce ejected par-
ticles. The severity of nodular-ejection pits
and plasma scalds can be minimized by
laser conditioning—irradiating at succes-
sively higher fluences to induce nodular
ejection at fluences below operational val-
ues—to reduce plasma formation and
microcracking.

Current Technology Status
Under the NIF coating-development

program, laser-conditioned coatings typi-
cally have zero to four defects, over the
Beamlet aperture, that limit the peak flu-
ence. Previous laser-interaction studies
were done on small samples because of
their larger defect density, maintaining a
statistically significant sampling of defects;
these smaller samples are easily character-
ized under a variety of techniques, includ-
ing AFM, SEM, and FIB. To characterize
fluence-limiting defects, a nondestructive
technique that can scan the entire surface
will have to be used. Photothermal
microscopy currently holds the greatest
potential for nondestructively identifying
fluence-limiting defects, as shown by the
good correlation between high photother-
mal signal and low damage threshold illus-
trated in Figure 15.22,23 However, the
current data-acquisition rate is so slow
that scanning a NIF-size optic would take
approximately 200 days.
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For many years, quarter-wave porous-
silica antireflection (AR) coatings pre-

pared by a sol-gel process have been used 
on the transmissive optical components 
of high-powered fusion lasers. These include
the two most powerful machines now 
operating: the 10-beam Nova laser at
Lawrence Livermore National Laboratory
in Livermore, California, and the 60-beam
OMEGA laser at the University of
Rochester’s Laboratory for Laser Energetics
in Rochester, New York. Although the opti-
cal performance of these sol-gel coatings is
no better than coatings prepared by other
methods, their laser damage threshold is
two to three times higher.1 It is thought that
this enhanced damage threshold results
from the extremely high purity obtained by
distilling the starting materials and the lack
of collateral damage when small particulate
contaminants are ejected. Optical component
damage has always been the limiting factor
for power output, so sol-gel coatings have
made a significant contribution to high-
power laser development. 

One-layer, porous, colloidal sol coatings
can meet the optical and damage require-
ments for all of the National Ignition
Facility’s (NIF’s) transmissive optics, except
for the two mixed-wavelength surfaces on
the frequency conversion crystals. Develop-
ing two-layer broadband coatings and coat-
ing processes that are compatible with the
conversion crystals’ requirements has been
one area of focus for improving NIF laser
AR coatings. The second area of active
research is the long-term performance of
both one-layer and broadband AR coatings

using porous sol layers. The high specific
surface area of sol coatings makes them sus-
ceptible to contamination by vapor adsorp-
tion from their environment. This contamina-
tion has been linked to decreases in optical
performance and laser-damage thresholds.
Furthermore, water vapor adsorption by the
highly reactive surfaces of diamond-turned
potassium dihydrogen phosphate (KDP)
crystals can promote their degradation.
Methods to reduce contamination uptake
and processes that reduce the partial pres-
sure of organic contaminants in the ambient
use environment have yielded notable
improvements in the lifetime performance of
porous sol-coated transmissive optics. 

Antireflection Coating
Development

The sol-gel AR coatings consist of a layer
of porous, near-spherical silica particles, 10
to 40 nm in diameter, randomly stacked on
the substrate surface. Inter-particle voids
combine with the particles’ interior porosity
to produce a film refractive index very near
to the square root of the indices of many
common optical substrates (1.46 to 1.52);
nearly 100% transmission can therefore be
obtained. Unfortunately, such highly porous
coatings have high specific surface areas and
are therefore very susceptible to contamina-
tion by vapor adsorption from their environ-
ment. The majority of the NIF’s AR coatings
must have an optical thickness tailored to
deliver 99.50% (or better) transmission per
optic at the primary laser wavelengths of
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1053 nm (1ω) and 351 nm (3ω). Figures 1a
and 1b show the acceptable refractive-index
and film-thickness ranges, respectively, for
one-layer AR coatings. In order to deliver
the required performance, the total coating
process variation, including manufacturing
variances and effects from contaminants,
must remain within the largest limits shown
in Figure 1. Those transmissive optics that
also serve as diagnostic surfaces (the diag-
nostic beam splitter, final focus lens, and
beam sampling grating) have even stricter
reflectance error tolerances. Thus, in some
instances, the production coating capabilities
must be compatible with these more
demanding requirements. 

The KDP/DKDP (deuterated) conversion
crystals are the only optics in the NIF laser
chain that must simultaneously transmit
mixed wavelengths of light with very high
efficiency. This requirement has implications
for selecting acceptable AR-coating designs
and thin-film processes. To independently
optimize the coating for each crystal sur-
face, it is necessary to develop a spin-coat
process for 41-cm square optics with accept-
able uniformity, repeatability, and low par-
ticulate contamination. In addition, for the
output surface of the doubling conversion
crystals and the input surface of the tripling
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FIGURE 1. Optic transmission as a function of sol AR coating thickness and index: (a) contour for 1ω; (b) contour for 3ω coating.     
(40-00-0299-0383pb01)

conversion crystals, the single AR-coating
design must be simultaneously optimized
for both 1053-nm and 525-nm light. This
can be accomplished by coating the surface
with an AR layer having an optical thick-
ness that produces a minimum of
reflectance between these two wavelengths.
Figure 2 compares the calculated reflectance
from such a one-layer “compromise” coat-
ing (currently being used on deuterated
tripling crystals) with that of a two-layer
broadband AR coating used on KDP crys-
tals for Nova and Beamlet. The one-layer
coating surpasses the 0.7% goal for reflec-
tion losses established for these surfaces,
while the two-layer coating meets the NIF’s
requirements. 

Because the third-harmonic conversion
efficiency is sensitive to the ratio of the 
photon fluxes of the fundamental and the
second-harmonic beams incident upon the
frequency tripling crystal, an excess of 
1053-nm photons does not compensate for
a loss of 525-nm photons, or vice versa.
Hence, the optimal coating minimizes 
the larger of the reflection losses at either
1053 nm (1ω) or 525 nm (2ω). Figures 3a
and 3b compare and contrast the sensitivi-
ties of the one-layer compromise coating
and the two-layer broadband coating
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designs to the expected variability in their
manufacture. These coatings are much
more sensitive to coating process errors, 
as well as being centered at a much 
higher theoretical reflectance than are 

the single-use wavelength coatings, as
described in Figure 1. Compared to the
one-layer compromise coating, the broad-
band coating design does not greatly
reduce sensitivity to the sol-coating-layer’s



thickness. However, since the two-layer
coating design is centered at a lower
reflectance, it yields a better performance
for the same manufacturing variability.
Due to the asymmetric contours for either
a single- or a two-layer coating, a targeted
coating thickness of 140-nm (slightly
below optimum) allows a higher fraction
of optics to fall within the desired
reflectance specification.

Spin-Coat Process
Development

The sensitivity of compromise coatings
to variations in optical thickness increases
the need to maximize their uniformity.
Unfortunately, the spin-coat process used
for Nova and Beamlet crystals has exhibit-
ed relatively poor uniformity and repeata-
bility when compared to dip coating. The
Nova/Beamlet spin coater relied on fair-
ings to minimize air turbulence at the
edges of the square crystals. 

We recently purchased a commercial spin
coater that was developed for coating large,
rectangular substrates (such as flat-panel
displays). In this system the cover spins with
the optic, creating a quiescent, highly satu-
rated air pocket with low air turbulence and
slow solvent evaporation. Nevertheless, spin
coating a sol from ethanol solvent with this
system produced higher single-part and
part-to-part variability than was desired.
Therefore, we searched for a KDP-compati-
ble solvent with a lower evaporation rate,
and tried secondary butanol. At first, its
higher viscosity and surface tension prevent-
ed us from coating the corners of the 37-cm
square optics. We then replaced only two-
thirds of the ethanol solvent with secondary
butanol and improved the coating uniformi-
ty across a 37-cm part from a standard devi-
ation of 0.1%, to one of 0.04%. Table 1
compares the capability of our current spin-
coating process to the dip-coat and spin-coat
processes used for Beamlet. 

Broadband Coating
Development

The two-layer KDP coating used on the
27-cm Nova and the 32-cm Beamlet crystals
consists of a methylsilicone bottom layer
(with a refractive index of 1.43) that has been
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TABLE 1. A comparison of 1064-nm reflectance 
uniformity for 37-cm crystals that were coated by 
various processes.

Process Solvent σ(%R)

Beamlet—dip coat Ethanol 0.08

Beamlet—spin coat 2-butanol over ethanol 0.15
over dip coat

NIF—spin coat Ethanol 0.1

NIF—spin coat 2-butanol:ethanol (2:1) 0.04

overcoated with porous silica.2 The silicone
coating is GR-650™, a commercial material
available from Techneglas. It is applied from
an alcohol solution and requires curing at
140°C. After being heat-cured, the material is
insoluble and won’t wash off when the col-
loidal sol coat is subsequently applied from a
second alcohol solution. 

The first 37-cm KDP crystal was coated
with a two-layer broadband coating on one
surface and a one-layer, 3ω sol coating on the
opposing surface using the new (NIF) spin
coater. Despite initial concerns that, with
such a large crystal, either shrinkage of the
silicone layer or the thermal cycle itself
might distort the reflected wavefront, there
was no measured change in the transmitted
wavefront. Table 2 compares the NIF’s goals
to the measured reflectance and uniformity
of this coated crystal. 

The NIF’s frequency-tripling crystals
must be deuterated to suppress parasitic
oscillations from stimulated Raman scat-
tering. Deuterated crystals have catas-
trophically failed when heated above 
100 to 120°C, so they are not compatible
with the thermal treatment required by the
existing broadband coating. It was there-
fore desirable to modify the chemistry of
the intermediate-index (silicone) material
to eliminate the need for elevated cure
temperatures. 

Coating Chemistry
The commercial silicone that we have

used for many years is a polymer prepared
by an acid-catalyzed hydrolysis of very
high purity methyltriethoxysilane (MTS).



We have synthesized this polymer in our
laboratory using MTS that was fractionally
distilled under nitrogen.3 The hydrolysis is
done at pH 2, using a water/silane ratio of
2:1 and no solvent. The reaction is

nCH3Si(OC2H5)3 + 1.5n H2O →
(CH3SiO1.5)n + 3n C2H5OH . (1)

The material produced by this reaction
is incompletely cured and can be applied
from an alcohol solution. This coating, 
as deposited, requires additional heat
treatment to produce a fully cross-linked
insoluble product. However, the poly-
merization of MTS, a trifunctional
monomer, can be enhanced by adding a
tetrafunctional monomer, such as tetra-
ethylorthosilicate (TEOS). The extra func-
tionality speeds up polymerization and
increases the cross-linking required for
rapid insolubility. The copolymerization
of TEOS and MTS can be carried out 
in any proportion to obtain a soluble 
prepolymer, which can be cured to 
insolubility with little or no additional
heating, depending on the relative pro-
portions of the monomers. 

The refractive index of the final product
ranges between 1.42 and 1.43, which is indis-
tinguishable from the original GR-650TM

silicone and produces the same optical per-
formance. The nominal laser damage thresh-
old of this low-temperature-cure silicone is
equivalent to that obtained with the com-
mercial GR-650™ silicone and exceeds the
expected peak fluences of the combined
1053- and 525-nm laser light. 

There are actually two applications for an
AR coating using this room-temperature

cured, intermediate-index layer: conversion
crystals and blast shields for the NIF amplifi-
er assemblies. Although the preferred cure
times are somewhat different for the 
two applications, we were able to accommo-
date both. When equimolar quantities of
MTS and TEOS are premixed and then
hydrolyzed with water at pH 2 (with no sol-
vent), we prepare a coating that becomes
insoluble on standing at room temperature
for a few hours, or preferably overnight. It
can be easily washed off within an hour of
its application, if any error is made; an
admirable feature when coating valuable
conversion crystals. 

Blast-shield coatings have different
requirements. First, they are applied by a
meniscus coating process on large (6- by 
2-foot) pieces of relatively cheap float glass.
Secondly, the first (base) coat must be insol-
uble within 10 to 15 minutes, so that the
second coat can be applied without any
delay, or without having to remove the
glass from its holder. For this application,
we use 100% TEOS hydrolyzed in water 
at pH 2 with ethanol as the solvent. The
two-layer coatings perform well over a
broad spectrum (from 400 nm to 1000 nm)
at incident angles of up to 60°. They have
also survived 10,000 shots in the NIF 
prototype flashlamp chamber without 
any substantial degradation of their optical
performance. 

Effects of the Use
Environment on Sol
Coating Performance

Unfortunately, highly porous coatings
have high specific surface areas and 
are therefore very susceptible to vapor
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TABLE 2. The performance of a 37-cm KDP crystal, coated by the NIF process 
and the spin coater.

Coating design Wavelength (nm) Reflectance (%) σ(%R)

2-Layer compromise 1064 0.47 0.02

2-Layer compromise 532 0.34 0.07

One-layer 3ω 352 0.09 0.02



levels—for experimental time scales that are
too short to establish a source/sol-coating
equilibration. High-vacuum environments
promote very rapid approaches to equilib-
ria, due to the inverse pressure dependence
of gas diffusivity. Conversely, the slow
transport rates of heavy adsorptives at
atmospheric pressure can slow the
approach to equilibrium to times of a month
or more. Figure 4 shows the transmission
loss of an optic over eight months of expo-
sure to laboratory room air. The persistent
downward trend in transmission indicates
that equilibrium was not achieved, even
after more than 200 days. Not surprisingly,
intermediate contamination rates are
observed at intermediate vacuum levels or
when mass transfer is enhanced by forced
convection at higher pressures.

Effects of Contamination
on the Aggregate
Refractive Index

As adsorbed contaminants displace air
in the pores of the coating, the immediate
effect is to increase the refractive index
and hence, the optical thickness. The net
effect on optical transmission (for either
1ω or 3ω) can easily be inferred from
Figure 1 by moving along a line of con-
stant physical thickness (in the corre-
sponding contour plot) from the initial
index to the index of the contaminated sol-
coating mixture. The tolerance to a shift in
the refractive index is approximately equal
for 1ω and 3ω films, when their thickness-
es are nearly optimal. However, when a 3ω

adsorption contamination from the use
environment. Contamination of the AR
coating decreases laser efficiency due to
increases in reflectance and absorption;
increased laser damage can also result. For
instance, the increased reflected energy
could produce laser damage if it focuses on
another optic or on a laser-vessel wall to
cause ablative contamination. Contamin-
ation-related damage has occurred on
Nova,4 OMEGA,5 and Beamlet.6 Guch and
Hovis7 and Hovis et al.,8 also discuss organ-
ic contamination damage in lasers. 

While contamination has caused
increased maintenance and some minor
damage on today’s lasers, the problem
might become more serious for future lasers
designed to operate at fluences that are three
to four times higher. This is especially true
for the NIF laser, which has more motors,
slides, and mechanisms near optics than pre-
vious lasers have had. Therefore, without
improved technology, contamination effects
could become quite serious. 

Practical contamination effects can vary
widely, according to the use environment.
At the time of Beamlet’s decommissioning,
measurements were made on some of its
laser optics to determine their reflectance
and transmission characteristics. Table 3
shows clear differences between surfaces
operating in vacuum vs those operating in
atmospheric-pressure nitrogen. Table 3
also shows the beneficial effect of the
intermittent presence of a partial-oxygen
plasma at the Pockels cell windows. 

Even though surface adsorption is an
equilibrium process, transport characteris-
tics often influence observed contamination
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TABLE 3. The transmittances (%T) and reflectances (%R) of Beamlet’s 1ω optics when it was shut down.

Time on line %R %R
Optic (months) %T (vacuum side) (air side)

1ω vacuum window 0.25 99.20 0.7 0.1

SF4 lens 8 99.35 0.7 0.2

SF1 lens 12 98.00 1.9 0.1

Pockels cell (Window 1) 41 99.80 0.2 0.1

Pockels cell (Window 2) 41 99.80 0.2 0.05



coating varies from its optimum thickness
by only ±5 nm, the sensitivity of the
reflectance to index variation increases sig-
nificantly. It is interesting to note that if the
film’s initial refractive index was below its
optimal value, its transmission can actual-
ly improve with contamination—even to
the point of reaching its optimal index. 

In practice, the amount of relatively
heavy organic compounds adsorbed (from
exposures to environmental contaminants)
can be related to changes in a sample
optic’s transmission. The measured change
in transmission is interpreted as being 
the product of changes in the two single-
surface transmissions. Each single-surface
transmission change is modeled by calcu-
lating Fresnel coefficients9 in the usual
way, using the shift in the film’s refractive
index away from its initial value. The vol-
ume fraction of adsorbed contaminant can
then be estimated from the composite
refractive index, using an effective media
approximation (EMA) for the composite
dielectric function of the film (such as the
Bruggeman10 EMA).

Postdeposition Treatment
of Sol Films

Because it is not always possible to
select engineering materials with negligi-
ble outgassing properties, or to bake them
out before using them, it is highly desir-
able to reduce the tendency of the sol-gel
coatings to adsorb organic contaminants.

For fused-silica optics, chemically treating
the sol-coated surface can decrease its
affinity for atmospheric contaminants.
However, the effects of the chosen treat-
ment must not alter the refractive index or
the thickness of the final coating beyond
the acceptable ranges shown in Figure 1.
We have demonstrated an acceptable treat-
ment program offering some improvement
in adsorption properties in all cases that
we have tested so far. 

Adsorption characteristics are related
to both the microporosity and surface
polarity of the silica. Therefore, it is
potentially beneficial to decrease the
surface area and replace polar surface
groups with nonpolar ones. This can be
accomplished in two steps.

The first step is to expose a coated sur-
face to ammonia (NH3) and water vapor at
room temperature. This hydrolyzes residu-
al ethoxyl groups on the silica particles to
hydroxyl groups and catalyzes the conden-
sation of many hydroxyl groups to silox-
ane linkages. The condensation reaction
cross-links and binds together adjacent sili-
ca particles, thereby increasing the coat-
ing’s abrasion resistance and adhesion
strength. This hardening effect was first
reported by Floch and Belleville11 and has
been adapted for use on the Phebus fusion
laser in France. 

The second step is to expose the coating
to hexamethyldisilazane (HMDS) vapor,
also at room temperature. The HMDS con-
verts the remaining hydroxyl groups to
trimethylsiloxy groups. After eliminating
these polar groups, the surface is almost
entirely covered by nonpolar trimethylsilyl
groups. Further details of this treatment
process can be found in Thomas.12 

Table 4 shows some of the progressive
changes in physical and optical properties of
the sol coating after each treatment step. All
of the initial, intermediate, and final refrac-
tive indices are well within the optimal
ranges shown in Figure 1. The range of
porosity (void fraction) for these films is
between 0.48 and 0.54, almost 50% higher
than the theoretical void fraction for lattices
of close-packed spheres. The shift in physical
thickness is primarily associated with the
ammonia-vapor treatment step and the
downward trend in porosity indicates a cor-
responding increase in packing density. The
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the porous surface, conformity to BET or
to (the simpler) Langmuir behavior can 
be tested and exploited to derive the spe-
cific surface area and an adsorption equi-
librium constant. Table 5 summarizes 
BET- and Langmuir-derived characteristics
for various porous silica preparations. The
high relative pressure, capillary-condensa-
tion region can be analyzed to yield an
approximate pore-size distribution. 

Table 5 also shows the results of this
calculation as done according to the BJH17

method. This reveals an upward shift in
pore size distribution and the appearance
of some porosity in the 1- to 2-nm range as
a result of the ammonia treatment step.
Adsorption data for HMDS-treated films
were not available, so data for bulk sol
samples are given, to show the relatively
small change in surface area and porosity
characteristics that are associated with this
surface-treatment step. BJH calculations
done for the HMDS step on the bulk sam-
ples indicate an upward shift in pore-size
distribution and the appearance of small
pores in a fashion similar to that in the
film samples. 

If the silica particles were just simple
hard spheres, the decrease in surface area
that is associated with the vapor treatments
is inconsistent with a decrease in film thick-
ness. With the packing pattern of the silica
particles being roughly equivalent to that of

amount of shrinkage is quite significant and
will shift an initially optimum coating well
outside the desired optical thickness range.
Consequently, these postdeposition treat-
ments require the initial film-thickness to be
corrected upward to compensate for the
inevitable shrinkage. The shrinkage, while
sensitive to the film’s thickness, has been
repeatable in all the tests that we have done.
Therefore, the correct adjustments to the
deposition parameters are easily made. 

Naturally, the effects of these chemical
treatments on the specific surface area
(m2/g) and porosity characteristics of the
final film are of interest, particularly with
respect to surface adsorption behavior.
Figures 5 and 6 show isothermal nitrogen
adsorption plots (obtained by the surface-
acoustic-wave13 method) for both as-
deposited and ammonia-treated films. The
resulting adsorption isotherm shapes are
classified as type IV.14 This may loosely be
taken to mean that there is an inflection
point in the low relative pressure region,
0.05 < p/pv < 0.4, while in the higher rela-
tive pressure region the capillary conden-
sation mechanism dominates—indicating
considerable mesoporosity within the film. 

Adsorption behavior over a limited
pressure range often agrees fairly well
with simple adsorption theories, such as
those put forward by Brunauer, Emmett,
and Teller15 (BET), or by Langmuir.16 For
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TABLE 4. The effects of treating a film with respect to its refractive index and thickness. (The average effect on seven samples, as 
measured by ellipsometry.)

Change in Change in
sol index film thickness

As depo- After After from as After After from as
sited sol NH3 HMDS deposited to As NH3 HMDS deposited to

index hardening treatment HMDS treated deposited hardening treatment HMDS treated

Film n0 nNH3
nHMDS ∆n Change d0 dNH3

dHMDS ∆d Change
(fvoid) (fvoid) (fvoid) (%) (nm) (nm) (nm) (nm) %

1ω 1.198 1.210 1.218 0.020 1.6 224.8 195.4 195.2 29.6 13.16
(0.528) (0.502) (0.484)

3ω 1.192 1.211 1.221 0.029 2.5 70.4 59.7 59.3 11.1 15.82
(0.541) (0.499) (0.477)

Refractive-index data Film-thickness data



a simple cubic lattice (consistent with a
porous fraction of about 0.48), the observed
film shrinkage should lead to a correspond-
ing decrease in average particle diameter of
about 20%. If a change in particle size were
the only effect, the specific surface area
should increase by approximately 30% as a
result of the NH3 vapor treatment. The
observed decrease in specific area therefore
indicates that the silica particles are not

smooth spheres, but rather must contain a
significant amount of surface roughness
and/or internal “microporosity.” This 
interpretation is consistent with previous
sol-particle morphology studies done by
direct transmission electron microscopy
(TEM) imaging.18

The equilibrium constants (C-factors),
included in Table 5, are indications of the
surface affinity for the particular adsorptive.
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treated by the general methods previously
described. A second lens was coated to the
normal specification to act as a control.
Both lenses were installed in Nova beam
lines and will be evaluated after about five
months of service when the Nova laser is
decommissioned in mid-1999. As Table 6
shows, within the normal photometer
error of ±0.1%, both lenses have identical
transmission and reflection properties at
their 1053-nm use wavelength. 

Sensitivity of Sol-Gel
Coatings to Organic
Vapors

The contamination resistance of 
the coatings was tested under three differ-
ent sets of temperature and pressure 
conditions. Room-temperature atmospher-
ic tests with forced convection simulated
realistic operating conditions for some of
the laser optics. Room temperature high-
vacuum tests were used to simulate opera-
tion in the NIF spatial filters and target
chamber. High-temperature atmospheric
pressure tests increased contaminant
vapor pressures by several orders of mag-
nitude and enhanced gaseous diffusion. In
all cases, the presence of real engineering
materials ensured a realistic sampling of
organic contaminants. 

The standard analytical technique was
to measure the total transmission at a fixed
wavelength, which (as noted earlier) is a
sensitive indicator of any refractive index
change in the optical coating. Therefore, a
spectral transmission measurement of the
optic before and after being exposed to
contaminants is sufficient to determine 
the extent of contaminant adsorption with-
in the film. 

Treated and untreated samples were 
similarly exposed in separate tests to 
silicone-, butyl-, and EPDM-rubber sam-
ples. As Table 7 shows, at 560-nm the
untreated samples lost 1.2%, 0.5%, and 
1.0% of their transmittance. The ammonia-
hardened coating lost 0.2% transmittance
for the silicone rubber, but all other changes
were 0.1%, or less. Another test explored
the importance of contaminant polarity by

They are included only to help quantify the
characteristic shape of the isotherm.
Although using nitrogen as a probe is con-
venient for surface area and porosity deter-
minations, it yields no specific information
about the chemical characteristics of the sur-
face with respect to organic contamination. 

Because a key characteristic of sol-gel
derived AR coatings is a relatively high
laser-damage threshold, it is crucial that
any postdeposition treatment process not
degrade this essential property. We have
compared laser damage thresholds at the
primary NIF wavelengths for fused silica
coated with as-deposited and ammonia/
HMDS-treated films. There appears to be
no significant difference in laser damage
thresholds between fused silica coated with
treated or untreated films. 

As a full-scale demonstration of the
treatment process, a Nova spatial filter
input lens was coated to an initially thick-
er than normal specification and then
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TABLE 6. Nova SF-7 1064-nm transmission and reflection (NH3 + HMDS 
treated vs untreated).

%Rinput σinput % %Routput σoutput %T σ%T

Untreated lens 0.01 0.01 0.01 0.01 99.83 0.09

NH3 and HMDS-
treated lens 0.06 0.01 0.07 0.03 99.78 0.08

TABLE 5. A summary of BET and Langmuir 
calculations derived from nitrogen isotherm data. 
(L) = Langmuir; all others, BET.

Specific area Pore peaks
Sample (m2/g) (Å)

As-deposited film 174 70

NH3-treated film 76 135 and 20

Evaporated bulk sol 564 55

NH3-treated bulk 238 (L) 100 (L)

NH3 + HMDS-
treated bulk 215 150 and 20



exposing the three coating types to Fomblin
oil vapor, a perfluorinated polypropylene.
The transmittance losses were 3%, 1.5%,
and 0.5%, respectively, for the conventional,
ammonia-hardened, and HMDS-treated
optics. While there is still a significant
advantage to the treatments in reducing
adsorption of hydrophobic materials, it is
less than for more polar compounds.

Table 7 also reports the volume fraction 
of adsorbed organic material calculated 
with the Bruggeman EMA and an assumed
contaminant refractive index of 1.51. These
calculations indicate that the observed
improvement in contamination resistance is
approximately proportional to the reduction
in available surface area. Local compaction
of the film might also effectively shield some
portion of the total porosity from penetration
by large contaminant molecules due to 
physical exclusion (a molecular sieve effect).
Most BJH calculations, using adsorption 
data from ammonia-hardened films, show
that some porosity from the treatment will
appear in the one- to two-nanometer range.
Any remaining changes in adsorption
behavior are logically associated with 
surface-chemistry effects. 

A contaminated optic can usually
recover its full transmittance by spray-
washing it with ethyl alcohol or methy-
lene chloride. If the contaminant source is
an engineering material, analysis of the
wash by gas chromatography–mass spec-
troscopy usually shows the presence of
compounds logically found in the materi-
al, such as silicone oils in silicone materi-
als, caprolactam in nylon, and plasticizers
(especially dioctyl phthalate) in the vast
majority of elastomeric components. 

Similar vacuum outgassing experiments
with conventional evaporative coated optics
have indicated that organic adsorption is
not limited to sol-gel coatings. Single-sided
hard AR coatings lost, on average, only
three times less transmittance than the 
double-sided sol-gel coatings. 

It has been demonstrated that a bakeout
of most engineering materials and mechani-
cal components at 200°C removes offending
compounds (most often plasticizers) fairly
effectively. A 110°C bakeout removes con-
taminants in the C15 to C20 range (with

vapor pressures of about one Torr at that
temperature). However, a 200°C bakeout is
needed to remove C30 contaminants, which
have vapor pressures of about one Torr at
the higher temperature. Of course, vacuum
and time can achieve more effective removal
at lower temperatures, but a detailed study
of these parameters has not been done. 

Degradation of the
Optical Performance of
Sol-Coated KDP 

Figure 7 shows the transmittance degra-
dation of the rapid-growth frequency dou-
bling crystal, RG8B-2, which was used for
the final Beamlet conversion and high-
damage-threshold campaigns in the
Beamlet vacuum mule. This optic is repre-
sentative of the doubling and tripling crys-
tals being operated in vacuum. Unlike the
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TABLE 7. Changes in the transmission of treated and untreated optics, after 
being exposed to various contaminating environments.

Contaminant
source P (atm) T (°C) Untreated NH3-treated NH3+HMDS

∆%T forg ∆%T forg ∆%T forg

Silcone
rubber 1 110 1.20 0.19 0.20 0.08 <0,10 0.05

Butyl
rubber 1 110 0.50 0.12 <0.10 0.05 <0.10 0.05

EPDM rubber 1 110 1.00 0.17 <0.10 0.05 <0.10 0.05

Fomblin oil 1 110 3.00 0.30 1.50 0.21 0.50 0.12

Prototype
HEPA air
system 1 30 0.35 0.11 0.21 0.08 0.07 0.04

Amp motor 10–9 30 0.14 0.06 0.03 0.02 — —

Conex fiber-
optic cable 10–9 29 0.75 0.15 0.13 0.07 — —

Poron
cellular urethane 10–9 29 1.73 0.23 0.60 0.13 — —

Fiber-optic
splitter 10–9 23 3.23 0.31 0.51 0.12 — —

Untreated NH3-treated NH3+HMDS



silicone coatings were used on the 37-cm
Beamlet crystals—and it was recently dis-
covered that the room-temperature cured
silicone does not always prevent etch-pit
growth. We are still in the early stages of
defining and resolving this issue. Besides
defining the contributions of coating- and
finishing-process variables, residual con-
tamination, and relative humidity to 
etch-pit initiation and growth, we plan to
investigate ways to passivate the surface
and minimize the water-vapor adsorption

fused-silica optics presented in Table 1, the
decrease in KDP/DKDP transmittance is
not accompanied by a commensurate
increase in reflectance, and the original
transmittance is not regained when the
optic is washed with a suitable solvent. 

This transmittance loss is attributed to the
formation of discrete etch-pits on the crystal
surface under the porous sol coating. These
pits, generally one- to two-microns wide and
a few hundred nanometers deep, have char-
acteristic geometries that depend on the
crystal-surface’s orientation. Figure 8 shows
the diamond-shaped pits that are found on
type I crystals, such as doubler RG8B-2. The
type II crystals, used for third-harmonic gen-
eration on Beamlet, develop triangular pits.
The Z-cut crystals, used for the Pockels
switch, develop square etch pits. The etch
pits on the Beamlet’s tripling crystals elon-
gated to become “slits” up to 40-microns in
length, which cause wide-angle diffraction.
This scatter loss dominated the crystal’s per-
formance, far outweighing any transmit-
tance drop from organic contaminants
adsorbed into the porous sol. 

A loss of transmission, attributed to sur-
face roughening of contaminated KDP sur-
faces in the presence of water vapor, was
observed sporadically on Nova.19 In the
early ‘90s, we began using a 122-nm-thick
thermal-cured silicone layer on all Nova
crystal surfaces as an environmental, as
well as an optical, coating.2 However, no
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of the AR coating, either by treating or
eliminating the porous sol. 

The effect of volatile organic contamina-
tion on porous sol coatings for KDP crystals
is expected to be similar to that observed for
fused-silica optics. We attribute the lack of
degradation of the vacuum surfaces of
Beamlet’s Pockels cell windows to a combi-
nation of the ammonia-hardened sol and a
small oxygen bleed that is used in conjunc-
tion with the plasma to oxidize adsorbed
organic contaminants. However, the ammo-
nia vapor and HMDS vapor processes that
have just been described are incompatible
with KDP’s surface chemistry. Instead, we
expect that the oxygen/plasma cleaning will
be sufficient to maintain the switch crystals’
performance without modifying the sol coat-
ing. Furthermore, it is expected that a very
clean, low-vacuum environment (at about 
1 Torr) will suitably retard contamination
degradation of the conversion crystals. 

In addition, we are exploring alternate
sol-preparation techniques, which allow us
to exchange the native surface ethoxy and
silanol groups with HMDS in an ethanol
solution. The excess HMDS can then be
evaporated, along with the ammonia cata-
lyst, before the sol is applied to the crystal
surfaces. Although this treatment will not
benefit from the reduction in surface area
inherent in the ammonia-hardening pro-
cess, it is hoped that sensitivities to water
and polar organic contaminants can be
reduced. Other options (besides porous sol
coatings) for reducing organic contamina-
tion sensitivity rely on eliminating porosity
by using low-index, high-purity fluoro-
polymers developed for the photonics
industry.20, 21

Conclusions
Antireflection coating designs and

materials have been developed to meet
NIF requirements for fused-silica and
KDP-transmissive optics. Postdeposition
chemical treatments, which reduce the 
surface area and polarity of sol-gel AR
coatings, decrease the tendency of sol 
coatings to absorb organic contaminant
vapors from the use environment. An
added advantage of these treatments is 
the increase in abrasion resistance impart-
ed to the sol coating. Intermediate-index

materials, such as a room-temperature
cured silicone, have been developed that
allow broadband coatings to be applied 
to deuterated tripling crystals to allow
optimal performance at two wavelengths.
Substantial progress has been made
toward a spin-coating capability, 
which will allow us to place an optimum-
thickness coating on each surface of the
conversion crystals. Efforts are currently
shifting focus from manufacturing 
process development to developing 
methods to better control and minimize
the interaction of these coatings with 
their use environments. 
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The National Ignition Facility (NIF),
which will house a 192-beam laser sys-

tem capable of generating two million
joules of ultraviolet light, is being construct-
ed at Lawrence Livermore National
Laboratory (LLNL). To build this laser sys-
tem, LLNL’s industrial partners must pro-
duce more than 7500 meter-class optics.
Their large precision-optics manufacturing
facilities began producing the optics in 1998
and will finish their production by 2003.

In 1994, a series of cost studies made it
clear that in order to fabricate (at the low-
est possible cost) this unprecedented
number of large precision optics in so lit-
tle time, new technologies would have to
be developed and new factories, based on
them, would have to be constructed.1 At
that time, working with three suppliers of
large optics, LLNL began three-year-long
optics-finishing programs to develop
these technologies. Although each devel-
opment program centered on the special-
ties and often proprietary technologies
already existing at the suppliers’ facilities,
many technologies for the low-cost manu-
facturing of these optics were common 
to two, or sometimes all three, of these
programs. 

Because many advances in these pro-
grams stem from the vendors’ intellectual
property and trade secrets, they cannot be
completely described in a public forum.
Nevertheless, many nonproprietary
advances have been made and are now

being used by the companies under con-
tract: Eastman Kodak, SVG-Tinsley
Division (formerly Tinsley Laboratories and
referred to hereafter as Tinsley), and Zygo.
The nonproprietary, optics-fabrication,
developmental highlights for the manufac-
turing steps of shaping, grinding, polishing,
figuring, and metrology are discussed2 in a
general sense in this article. 

The NIF Optics Finishing
Development Plan

The developmental effort in optics-
fabrication technology was divided into
three parts: 

• A small internal LLNL effort (optics
finishing R&D, wavefront analysis,
and specifications). 

• Three fabrication-development sub-
contracts for flats. 

• Two fabrication-development sub-
contracts for aspheric lenses. 

All vendor subcontracts were initiated
by competitive solicitation. The three com-
panies selected worked closely with LLNL
to advance the technologies most critical to
their own manufacturing processes. In
most cases, successful subscale experi-
ments were followed by full-scale experi-
ments on production equipment. Table 1
lists the funded activities.
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The first step in producing a NIF optical
component is “shaping.” Many detailed
variations on this process step exist, but
the goals are all the same: 

• Complete the outside dimensions to
the specified length and width dimen-
sions and tolerances.

• Produce an edge finish that can be
precision cleaned (a rms surface
microroughness of 0.2 µm). 

• Generate the precision optical 
surfaces. 

Optical surface-shape (or figure) control
is critical. This is especially true during the
early process steps, as most of the material
is removed at this stage. Therefore, the
ability to correct surface shape or orienta-
tion, relative to other optical surfaces,
decreases as the optic is processed.
Furthermore, if the optical surface shape is
not maintained throughout processing, the
depth of material removal at subsequent
process steps will not be uniform. Residual
subsurface damage could then reduce
laser-damage thresholds in the areas of
lesser material removal. 

In the past, a two-part grinding process
was used: a fixed-abrasive grinding step
for coarsely shaping the optic to remove a

Overall, the program was highly suc-
cessful; each vendor demonstrated a pro-
cess that would satisfy all (or nearly all) of
the NIF‘s performance requirements, at a
fraction of the pre-NIF cost. The facilities
construction has been completed, or is
nearly complete, at all three vendors. They
will yield about a ten-times-higher capaci-
ty for large precision optics than their pre-
viously existing facilities based on earlier
technologies—and at prices that are
roughly one-third the cost of equivalent
Beamlet optics.

Shaping, Grinding, and
Polishing

Although substantially more than half
the fabrication cost of a precision optic
accrues during the final figuring and
metrology steps, the easiest way to
reduce these costs is often before polish-
ing—by improving the part’s surface
quality, smoothness, figure, and reducing
the amount of subsurface damage.
Consequently, about half of the develop-
ment projects were in the areas of shaping,
surface grinding, and the polish out of the
optical surfaces to remove diffuse scatter
before the first in-process optical test.
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TABLE 1. Funded development activities.

Technology LLNL Vendors

Fixed-abrasive grinding None Hybrid-tool grinding; ELID dressing

Table lapping/loose-abrasive grinding Double-sided lapping High-speed, pellet-lap grinding

Polish out High-pressure polishing; thernal figure control High-speed polishing; variable-pressure
polishing; synthetic-lap polishing

Deterministic figuring None Reduced-ripple, small-tool polishing:
deterministic planetary polishing;
ion-beam figuring; variable-pressure polishing

Metrology PSD-based, wavefront specifications Various

Other tools/processes Cladding and cleaning specifications; Optic handling; improved tooling; 
automated cleaning cladding technology

Laser-damage-performance improvements Grinding-material selection; slurry; Slurry optimization; subsurface damage
optimization; subsurface damage minimization; minimization
inspection-tool development



large amount of material and a second step
of loose abrasive grinding that is done in
several stages, each with a smaller grit size
and less material removed.

The NIF development vendors have
adapted commercial computer numerical
controlled (CNC) mills to shape the out-
side edges of the parts. One example is a
hybrid rotary tool (Figure 1) developed by
Tinsley for use on their CNC mill, which
eliminates the need for loose abrasive
grinding to the final surface roughness. It
features two surface-generating areas on
the tool, each with a different abrasive
size. This allows removing large amounts
of material in a single pass, with good sur-
face figure control, while simultaneously
producing a smooth, finished surface.
Internal cooling channels are used to
rapidly remove the heat being generated.
Edging tests demonstrated removal rates
consistent with optics production from
saw-cut blanks using a single CNC edging
machine. Their new machine now allows
them to produce NIF lenses and windows
for a lower overall cost, since lower-cost
blanks with saw-cut surfaces can now be
purchased, instead of blanks with finely
ground surfaces.

Zygo is using a recent advance in fixed
abrasive grinding, a technique called
Electrolytic In-process Dressing (ELID), to
produce smoother optical surfaces with

fewer process steps. Typically, flat or
spherical optical surfaces are generated
using a coarse, bound abrasive wheel—
followed by successively finer, loose-abra-
sive grinds. Published reports on the ELID
technique indicated that near-specular fin-
ishes could be obtained from a fine,
bound, abrasive over small apertures.3

This work indicated the existence of a
technology that might be applicable to
large optics to eliminate at least one loose-
abrasive grinding step, or possibly more.

The major restriction of conventional
fixed-abrasive grinding has been an inabil-
ity to effectively use grinding wheels with
small diamond grit without having to con-
stantly dress the wheel. This must be done
to expose fresh sharp diamonds and
remove the buildup of “swarf,” or ground
glass, which binds between the exposed
diamonds on the surface of the matrix. 

The ELID process uses an electric cur-
rent to enhance the surface oxidation of a
conductive matrix holding the diamonds.
This oxidation erodes the matrix, which
prevents the build up of swarf and exposes
fresh sharp diamonds, as illustrated in
Figure 2. Therefore, as the wheel cuts the
optic surface, it is also self-dressing and
maintaining a good grinding surface. Since
they are self-dressing, the ELID grinding-
wheels’ wear rate is significantly lower
than that of conventional fixed-abrasive
wheels, which require very aggressive
dressing to remove swarf, expose fresh
diamonds, and return their cutting sur-
faces to a nominally plano figure.

Small-scale development results for this
technology, as applied to phosphate-based
laser glass, are illustrated in Table 2.4,5

Analysis of these data shows an improve-
ment in material removal, a reduction in
machine hours, and less wheel wear with
the ELID technique. In addition, the result-
ing surfaces all had sufficiently good fin-
ishes to go directly to the polishing step.
As this is being written, a large-scale
demonstration of this technology is under
way on equipment that will be used to
manufacture large optics for NIF.

For a high-speed polish out, Tinsley
developed a computer-controlled, high-
speed grinder/polisher to rapidly lap 
(fine grind) lenses and flats and then 
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FIGURE 1. The hybrid grinding/shaping tool devel-
oped by Tinsley to improve the efficiency of initial
blank shaping. (40-00-0499-0806pb01)
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FIGURE 2. A compari-
son of traditional and
ELID grinding.
(40-00-0499-0807pb01)

TABLE 2. Summary of ELID vs conventional grinding performance data (time in hours).

Coarse and
Test condition fine generation time Grinding time Polish out time Wheel wear rate (µm/hr)

ELID grinding 0.46 ± 0.04 0.66 ± 0.03 4.83 ± 0.69 11.0

Conventional 
grinding 0.17 ± 0.00 3.24 ± 0.47 5.67 ± 0.47 47.1



polish them out (Figure 3). An advanced
version of the overarm spindle machines
commonly used in lens production, its
advanced features include automated con-
trol of the part and tool speeds, and of the
pressure between the tool and optic. The
high-speed lapping tool is an array of
bound abrasive pellets attached to a back-
ing plate, which is matched to the shape of
the surface being finished. The machine
and process are now optimized to remove
500 µm of material from the surface of a
typical 440-mm-square optic to a 9-µm 
finish, in about two hours. 

By replacing this lapping tool with a
similar tool covered with a synthetic lap
material, the same machine can also be
used for high-speed polishing. During 
a high-speed polish out of the same 
part, an additional 36-µm-thick, fused-
silica layer can be removed in three to
four hours.

Deterministic Figuring
and Precision Polishing

All three vendors investigated methods
of figure control using advanced, highly
deterministic processes and modern opti-
cal metrology tools and control systems.
Figure control for large optics is generally

accomplished in one of two ways: preci-
sion planetary polishing or computer-
controlled, small-tool polishing. 

The primary impediments to the plane-
tary polishing of large precision plano-
optics are the high capitalization costs for
large planetary polishers and the frequent-
ly encountered lack of determinism associ-
ated with this technology. Both Zygo and
Kodak were very successful with combina-
tions of machine improvements, new diag-
nostics, and metrology—not only in adding
determinism to their planetary polishing
processes, but also in obtaining projected
throughput increases of three to six times
and lowering costs for their planetary pol-
ishers (Figure 4).

The shape of the pitch-polishing lap has
a significant impact on an optic’s final fig-
ure. At Zygo, a computer algorithm was
devised that maintains a lap’s flatness to
within λ/20-wave, peak-to-valley, as mea-
sured on a 10-inch glass monitoring plate.
Previously, without the intervention of a
highly skilled optician, lap flatness
diverged up to λ/3 wave, peak-to-valley,
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FIGURE 3. The high-speed lapper/polisher developed
by Tinsley for a high-speed polish out of diffuse scatter-
ing (“gray”) using pellet grinding. (40-00-0499-0808pb01)

FIGURE 4. The 168-in. continuous planetary polisher used for the deterministic
figuring of large NIF flats. (40-00-0499-0809pb01)



(Figure 6), by which large (flat, spherical,
or aspheric) optics can be polished “ripple-
free.” Kodak’s process developments
resulted from advances in metrology,
which were combined with Fourier 
analysis and extensive finishing-process
modeling. 

Specifically, Kodak developed an algo-
rithm for assessing mid-spatial-frequency
errors from phase measuring interferome-
try data, which employs Fourier analysis
to identify the signature frequencies and
orientations of the periodic errors. Then,
by modeling the motion of various
mechanical and electronic parameters
across the aperture, they are able to
match—and then reduce or eliminate—the
source terms giving rise to the signature
frequencies.

Figure 7 compares a typical subaperture
wavefront with mid-spatial-frequency rip-
ple, from a laser-amplifier slab—after con-
ventional small-tool polishing (a)—to a
similar wavefront produced from a sample
polished using Kodak’s new small-tool
polisher process (b). Using these data, the
1D plots of the power-spectral-density
(PSD) analysis for the respective parts are
compared in Figure 8. For reference, the
line shown in each plot represents the PSD
specification as a function of reciprocal
mm (mm–1) for the NIF laser. Figure 8
shows that Kodak significantly reduced

from a flat surface over the same 50-hour
interval—as illustrated in Figure 5. This
work has resulted in a computer-controlled,
pitch-polishing lap that maintains a desir-
able figure, thus freeing the operator to
concentrate on other tasks.

In the past, inherent wavefront ripple
has limited the performance of optics fabri-
cated by subaperture figuring, such as that
done with a small-tool polisher. Ripple
refers to periodic residual errors with a
magnitude of 1 to 6 nm (λ/600 to λ/100)
for spatial scalelengths of from 0.1 to
30 mm. In high-power laser applications,
wavefront ripple causes dispersion that
leads to near-field beam-intensity modula-
tion. Wavefront ripple with spatial periods
from 2 to 10 mm are nonlinearly amplified,
which can result in laser damage and inter-
ference with beam propagation.6,7

In an effort funded by LLNL, Eastman
Kodak developed a process using a 
computer-controlled, small-tool polisher
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FIGURE 5. Without computer control or highly skilled operator intervention, the
surface developed by a polishing lap diverges from flatness. (40-00-0499-0810pb01)

FIGURE 6. Kodak’s small-tool machine.
(40-00-0499-0811pb01)



the periodic ripple errors by an order of
magnitude in PSD amplitude, while figur-
ing a 0.9-m optic to better than λ/6 peak-
to-valley flatness. 

This “ripple-free,” computer-controlled,
small-tool polishing process capitalizes on
the advantages of other small-tool process-
es (in terms of high convergence and cost
effectiveness), while also achieving a preci-
sion of figure and ripple control similar to
that of the continuous-polishing process.
For large-flat optics fabrication, significant
cost savings in labor and capital invest-
ment result, compared to conventional flat-
polishing techniques.

Tinsley has developed another small-
tool technology, with similar capabilities,
for figuring and polishing large flat,

spherical, or aspheric optics. Their early
efforts to apply small-tool figuring to
lenses suffered from ripple in the 6- to 
12-mm spatial regime, as can be seen
from the PSD of a Beamlet lens, shown in
Figure 9a. LLNL funded work at Tinsley
to reduce ripple power, with results simi-
lar to those demonstrated by Kodak on
amplifier slabs. Ripple was reduced
through proprietary process changes in
machine precision, dwell times, by adding
randomness, and by eliminating periodic-
error functions. The improvement is
apparent in Figure 9b, which shows the
PSD for a NIF SF1/2 cavity spatial-filter
lens fabricated at Tinsley in late 1998. This
is just one of several Tinsley-fabricated
NIF first-bundle lenses that meet all NIF
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quality material that could reasonably be
purchased from Corning or Heraeus in
large quantities for the apertures of inter-
est. The inhomogeneity is ∆n = eλ/t, where
e is the error in fractions of a wavelength,
λ is the measurement wavelength, and t is
the thickness of the part along the path
traveled by the light. When measured at
633 nm, two parts per million translates
into a transmitted wavefront error of ~λ/7
for a 46-mm-thick NIF spatial-filter lens.
Thus, at an inhomogeneity of 2 ppm, the
material consumes about 45% of the trans-
mitted wavefront specification of λ/3 for
NIF spatial filter lenses. This leaves 55% of
the transmitted-wavefront error budget for
the finishing vendor. 

LLNL has pursued aggressive cost tar-
gets for all steps in optics fabrication,
including purchasing the fused-silica
blanks. One lever used to achieve a lower
cost for fused silica was recognizing that
finishing processes can compensate for 

specifications. High-resolution, reflected-
wavefront measurements were made with
a microinterferometer (Figure 10a) to
evaluate the PSD-II (waviness-2) spatial
periods (between 2.5 and 0.12 mm) and
the NIF PSD-III roughness specification
(over spatial periods > 0.12 mm), as
shown in Figure 10b.

Compensating for
Material Inhomogeneities

Total system cost minimization has
always been one of the primary goals of
LLNL’s optics-development efforts. One
opportunity for cost minimization is the
relation between material inhomogeneities
and finishing processes. In the past, the
fused-silica inhomogeneity specification
for lenses and windows on large laser sys-
tems (such as for Nova and Beamlet) has
been at two parts per million—the highest
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certain types of inhomogeneities in the
blank. This tradeoff means buying less-
expensive fused silica and taking advantage
of the recently developed capabilities of our
finishing vendors. 

Analyses of typical material inhomo-
geneities, and our detailed knowledge
about the finishing processes, have led to
material specifications that give substan-
tially higher yields (at lower costs to us)
from the material vendor, without signifi-
cantly increasing the cost of optic finish-
ing. For instance, power (spherical errors)
and astigmatism (cylindrical errors) are
typical residual errors that are corrected
during the course of continuous planetary
polishing by the optician during final pol-
ishing. The techniques used by opticians to
do this include weighting and controlling
the lap’s shape through the position of the
conditioner. The process used to correct a
residual error is the same, whether the
error is due to irregularities in the surface
figure or to inhomogeneities in the materi-
al. As long as the errors vary slowly over
the surface and the optic is tested in trans-
mission while it is being corrected, materi-
al inhomogeneities can be compensated for
by a surface-figure change. For instance,
the NIF window-blank specification per-
mits up to λ/4 of power to be subtracted
from the homogeneity error before the
final analysis. Indeed, a λ/4-power error is
typically encountered and removed during
final finishing.

As just described, both Tinsley and Kodak
developed small-tool figuring processes 
that can remove transmitted wavefront
errors with scale lengths larger than the size
of the polishing tool. All the lenses in the
NIF are aspheric, with small spherical sur-
face-figure departures of between 1.4 and 
9 µm. Because of these small aspheric depar-
tures, the NIF lenses are typically processed
through all of the conventional steps for pro-
ducing a spherical lens; then the required
aspheric departure from the spherical sur-
face is polished in. Since polishing can 
only remove material, the correct surface
form is approached in a step-wise manner
by an iterative process. Each polishing step 
is followed by a precision-metrology step,
which identifies where (and how much)
additional material must be removed. If too
much material is removed from the wrong

location, the whole surface must be brought
down to bring the final surface to the correct
form. To be conservative, the first polish of
the aspheric zones of the lens is necessarily
shallow and the residual error can be on the
order of several waves.

To take advantage of the fact that small-
tool figuring is typically used to produce the
NIF’s lenses, the material specification for
lens blanks was relaxed to allow subtracting
up to λ/4 of spherically symmetric error
(power) and up to λ/7 of nonsymmetric
long-wavelength error, before calculating the
material’s inhomogeneity. Long-wavelength
errors were defined as errors with a spatial
period >100 mm—significantly greater than
the typical tool size. 

Figure 11 shows a fused-silica blank,
especially selected to verify that long-
wavelength errors of this type and magni-
tude can be removed by small-tool figuring
without significantly modifying the stan-
dard lens fabrication process already devel-
oped at Tinsley for NIF’s spatial-filter
lenses. In addition to the long-wavelength
error that we intended to evaluate in this
experiment, this particular blank also had a
small diameter (30-mm) localized index
inhomogeneity of ~λ/3 amplitude (readily
visible in Figure 11). This was associated
with a collection of small bubbles, which
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material errors from the fused-silica
blank are insignificant, compared to the
residual errors resulting from the normal
processing of the part through small-tool
aspherization. This suggests that it is
possible to relax the amplitude specifica-
tion for allowable long-wavelength
errors in lens blanks even further than
λ/7, without affecting the quality of 
the finished NIF lenses. After the final
small-tool processing, the total transmit-
ted wavefront error for this SF1/2 cavity
spatial-filter lens was reduced to <λ/5 vs
the specification of λ/3—even including
the error associated with the localized
inhomogeneity. 

The localized defect is apparent in 
Figure 13, but it was reduced in amplitude
by a factor of seven during normal small-
tool figuring to <λ/20. The finished lens
met all NIF PSD and wavefront specifica-
tions, except in the subaperture containing
the residual error from the original discrete
inhomogeneity. This experiment demon-
strated the ease with which small-tool figur-
ing of NIF lenses can accommodate a
significant amount of long-wavelength
error. It also reinforced the importance of
avoiding localized inhomogeneities in the
raw material that are too small in scale to be
removed by the small tool. 

Lenses are the only NIF optics with
small-tool correction of long-wavelength

was sliced off when the blank was
removed from the boule. This type of local-
ized inhomogeneity does not pass the NIF
specification for P-V amplitude or for gra-
dient rms (<λ/100 waves/cm) due to the
high local gradients associated with the
defect. (The blank was used despite the
defect because it was difficult to obtain
glass with long-wavelength error near the
top end of the newly revised NIF lens-
blank inhomogeneity specification.) 

We expected that Tinsley’s small-tool 
figuring process would remove long-
wavelength errors in the blank, while most
of the error associated with the localized
inhomogeneity would remain. If the local-
ized defect is ignored, the blank’s index
inhomogeneity was 5.4 ppm before the 
long-wavelength errors (those with spatial
periods >100 mm) were subtracted—and 
1.5 ppm after their subtraction. With the
localized defect included, the blank had an
inhomogeneity of 8.4 ppm, which far
exceeds the 2-ppm historical specification for
optics of this type. For a NIF spatial filter
lens, this level of inhomogeneity translates
to a 0.6-wave error—twice the NIF specifica-
tion for P-V error on the finished lens.

Figure 12 shows the lens after the first
cut at polishing the aspheric surface
form into the lens. The total transmitted
wavefront error at this early stage in 
figuring is 2.8λ. The long-wavelength
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material inhomogeneities built into the
specifications for the blanks. However,
laser glass does have a specification allow-
ing long-wavelength material inhomo-
geneities including power (0.425λ) and
astigmatism (0.220λ), which are spherical
and cylindrical terms, respectively. These
simple long-wavelength features are cor-
rectable on plano optics with either a small
tool or a pitch lap. With a pitch lap, the
machine has to be operated in a condition
that will yield intentionally nonflat optical
surfaces, rather than the flat surfaces nor-
mally desired. 

To cancel the material-induced wave-
front distortion, a surface of the inverse
sign and equal magnitude must be pol-
ished into the optic. This technique can
also be used for fused-silica windows or
BK7 polarizers, if required. In some cases,
the spatial period of the material inhomo-
geneity might be too short to correct on a
pitch lap, requiring the use of a small-tool
figuring step in addition to the traditional
flat-finishing manufacturing process.

Finishing for a High 3ω
Laser-Damage Threshold

Finishing-development efforts, both at
LLNL and at several vendors, have
demonstrated that there are several paths
toward obtaining fused-silica optics with
finished surfaces meeting the NIF’s 3ω flu-
ence requirements: an average fluence of

up to 8 J/cm2 with peak fluences about 1.5
times higher.

For high-quality, fused-silica substrates, it
is generally accepted that the damage per-
formance of the polished surfaces is largely
controlled by micron-scale subsurface dam-
age, or by nanoscale absorbing particles.
The subsurface damage results from flaws
in the material generated by the various pre-
liminary grinding and polishing steps.8 The
absorbing defects are due to contamination
in the nominally 100-nm-thick polishing
redeposition layer (Figure 14).

Several rules have been developed
which, when followed, help to minimize
subsurface damage and redeposition layer
contamination. Following these rules has
led to a general improvement of the laser-
damage performance of the polished sur-
faces. They can be summarized as falling
into two main groups:
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into it as contaminants during the
polishing operation.) The effects of
polishing contamination can be mini-
mized by selecting nonabsorbent pol-
ishing compounds, or by removing
the contaminated re-deposition layer.

Depth profiling by secondary-ion mass
spectroscopy (SIMS) shows that contami-
nants are present in the ~100-nm-thick 
redeposition layer, at levels from 1 to 
1000 ppm. Figure 16 illustrates a concentra-
tion profile of Ce in the polish layer of a
ceria-polished, fused-silica optic.11 Ceria, 
a widely used polishing compound, is a
strong absorber at 351 nm (α ≈ 70,000 cm–1).
Simple thermo-mechanical models indicate
that a 3-ns, 15-J/cm2 laser pulse could heat 
a 10-nm-diameter ceria sphere to ~4000 K,
therefore leading to a thermal explosion.12

Fe, Cr, and Cu oxides would also be heated
to similar levels. 

The strongest indication of contami-
nant-related damage at high fluences is 
the “gray haze” morphology present on
damaged ceria-polished surfaces. This
haze consists of 1-µm-diameter damage
pits, with concentrations of from 103 to

1. Subsurface damage. High-perfor-
mance parts are created through a
series of finishing steps, each one of
which uses successively smaller
grinding particles. The depth of
material removed in each step
should be about three times the
maximum size of the polishing par-
ticles used in the previous step.
Knowing the size distribution of the
particles used at each stage is neces-
sary, as the maximum particle size is
often two to three times larger in
diameter than the average particle
size.9 Figure 15 shows the effect of
subsurface damage on the laser-
damage threshold for three parts
with various degrees of residual
subsurface damage.10

2. Polishing contamination. The chemo-
mechanical nature of the final polish-
ing operations on fused silica results
in a smooth layer of silica being
deposited, which is contaminated
with the range of elements present in
the polishing slurry. (These include
cerium [Ce] from the ceria [CeO2]
polishing compound, plus iron,
chromium, copper, sodium, potassi-
um, and aluminum, which are pre-
sent in the slurry either as anti-
agglomerants or are incorporated
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105/cm2 (Figure 17).13 The gray-haze 
damage can be reduced or eliminated by 
at least three different approaches:

1. Chemically etching the polished sur-
face to remove contaminants. The
gray-haze damage is attributed to
ceria contamination in the 100-nm-
thick redeposition layer. If this layer
were to be removed with a hydrofluo-
ric acid (HF) etch, it is expected that
the damage morphology would also
be removed. Studies of damage per-
formance as a function of etch depth
found that for 300 to 600-nm17 deep
etches, the gray haze was significantly
reduced. Figure 18 compares the flu-
ence vs damage threshold behavior of
two parts similarly polished with
ceria.10 The HF-etched part exhibited
no gray haze and performed signifi-
cantly better in the high-fluence por-
tion of the testing. Figure 19 shows a
ceria-polished Beamlet debris shield,
which was HF etched over one-third
of its area to a depth of 600 nm.17 For
the as-received unetched part, high
concentrations of gray-haze damage
sites were observed for fluences above 
12 J/cm2. After the 600-nm-deep etch
of an adjacent area of the part, the
damage concentration was significant-
ly reduced. Typically, etching the sur-
face layer also exposes finishing flaws
hidden by the redeposition layer;
these are readily apparent in Figure 19. 

2. Removing the contaminated surface
layer with an ion etch. An alternative
to a wet etch could be an ion etch of the
surface layer. The Laboratory for Laser
Energetics (LLE) has reported that the
damage thresholds of phase-plate sub-
strates are generally improved after an
ion-beam etching.14 Researchers at
Osaka University have reported that
after an argon-ion-beam etching of
subsurface damage, the 355-nm dam-
age threshold of fused-silica surfaces
was doubled.15 Ion-etch studies at
LLNL show that there is a higher
chance of avoiding gray-haze damage
with an ion etch than without one.
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However, the laser-damage data
obtained from these ion-etched sur-
faces did not conclusively show that
ion etching improved the local damage
performance for the parts studied.

3. Final polishing with zirconia instead
of ceria. Zirconia has a negligible
absorption at 351 nm and is therefore
less likely than ceria to be a damage
precursor. Surfaces polished with zir-
conia consistently do not show gray
haze damage, while ceria-polished
surfaces almost always show some
level of gray haze at fluences near 
10 J/cm2, with 3-ns pulses. Figure 20
compares two fused-silica samples
that were similarly polished using 
zirconia on one and ceria on the

FIGURE 18. Etching with HF generally improves the high-fluence performance of
ceria-polished optics by eliminating the gray-haze damage morphology.10

(40-00-0499-0823pb01)



thresholds have been observed to
decrease with zirconia polishing—if
subsurface damage and scratch densi-
ties are not allowed to increase, due to
poor slurry-parameter control.

Recent research at LLNL, at our fin-
ishing vendors, and elsewhere has led to
new developments demonstrating that

other.10 The zirconia polished surfaces
show higher R:1 damage distributions
than the ceria polished part. However,
great care must be taken in choosing
slurry parameters for zirconia polish-
ing, as the material is easily agglomer-
ated, resulting in surface scratches.
The scratches show various degrees of
propensity towards damage. Damage
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FIGURE 19. Gray haze
can be eliminated from
ceria-polished optics (or
reduced) by a 200- to
600-nm-deep HF etch to
remove the contaminat-
ed polish layer. In gener-
al, the etching slightly
increases scattering
because it uncovers hid-
den scratches and other
subsurface damage.16

(40-00-0499-0824pb01)
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fused-silica optics can be fabricated to
meet the NIF’s 3ω fluence requirements.
Meeting these targets requires combining
careful attention to the classic techniques
of grinding and polishing (for controlling
subsurface damage) with an understand-
ing of the role played by contaminants in
the polish redeposition layer.

Despite the excellent progress made in
increasing damage thresholds and reducing
damage density, it is clear that some dam-
age will still occur at the NIF’s operating
fluences. Understanding how these more
damage-resistant surfaces will behave in
the NIF requires defining the statistical 
relations of damage density and damage
growth with laser fluence and shot histo-
ry.17 This subject is explored in the article
by Kozlowski on p. 193 of this issue.
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The laser-damage performance of optics
at Lawrence Livermore National

Laboratory (LLNL) has historically been
characterized using a discrete damage
threshold. Such a threshold is defined as the
lowest fluence at which damage is observed
following illumination of roughly 20 sites
with a nominally 1-mm-diam Gaussian
beam. Use of a discrete damage threshold is
appropriate when an optic damages at flu-
ences significantly greater than that required
in the laser system. The National Ignition
Facility (NIF) laser, however, is designed to
operate much closer to the damage limits of
several optical components, particularly
those in the final optics assembly that are
exposed to ultraviolet (351-nm or 3ω) light.
The damage propensity of most NIF optics
is influenced by localized, defect-initiated
laser damage. Because of the various mate-
rial parameters and defect types influencing
damage initiation, a distribution of damage
thresholds can be expected. Our objective is
to predict the extent of laser-induced dam-
age that can be expected during standard
operation of the NIF laser, particularly for
final optical components.

New procedures and analysis techniques
for damage testing have been developed to
characterize damage performance. These test
procedures provide statistical data needed 
to describe the extent of localized, defect-
initiated damage on large (40- × 40-cm)
optics. The testing is done with small
Gaussian beams (1/e2 diameter ≈ 1 mm) 
and subaperture test areas (a few cm2).
Statistical techniques were developed to
scale the damage performance measured

using small Gaussian beams to that expected
from full-aperture NIF beams.

The laser-damage specifications of NIF
optics are characterized by two parameters:
total obscured area due to damage to an
individual optic, and minimum damage
size that can lead to damage to downstream
optics by nonlinear imaging. The functional
lifetime of an optic, as limited by either of
the two specifications, is determined by the
concentration of damage sites on the optic
and the rate at which the sites grow.
Evaluation of the risk of damage to down-
stream 1ω and 3ω optics by nonlinear imag-
ing has been discussed elsewhere.1,2 This
report discusses the development of experi-
mental techniques and data analysis meth-
ods to provide a statistical description of
the concentration of damage sites on NIF-
like optics. Efforts to measure damage
growth rates are also introduced. Together,
these two sets of data provide the basis for
developing a model to predict the lifetime
of NIF optics based on an obscuration limit.
We provide an example that demonstrates
the prediction of laser-damage density on a
Beamlet-laser, 3ω, fused-silica focus lens
based on off-line test data. 

Damage Testing Methods
To address the statistical nature of 

damage, two damage testing techniques
are now in use at LLNL. Both techniques,
R:1 mapping and raster scanning, use
commercially available lasers with nomi-
nally 1-mm-diameter laser beams to test
multiple sites on an optic.

LASER-DAMAGE TESTING AND MODELING
METHODS FOR PREDICTING THE PERFORMANCE

OF LARGE-AREA NIF OPTICS

M. R. Kozlowski S. Schwartz
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sites tested with the same laser parameters
would show damage.

The R:1 map is most commonly applied
when comparisons of manufacturing pro-
cesses and vendors are needed. The article,
“Developing Optics Finishing Technologies
for the National Ignition Facility,” on p. 177
in this Quarterly Report, discusses the appli-
cation of this test method to optical finish-
ing.5 As discussed below, the shape of the
curve, particularly at the extremes, is influ-
enced by beam parameters (fluence profile
and beam diameter) and by the number of
sites tested.

Although an R:1 map allows for rapid
assessment of relative optical-component
quality, it does not provide a quantitative
measure of optic damage density at NIF-
relevant fluences (i.e., at the low damage
probability) because the sampled area is
too small. Figure 1 shows that only the
low-fluence tail of the S curve determines
actual NIF performance for fused-silica
optics. To obtain reliable low-fluence 
data, raster-scan techniques are used to
test a larger number of sites (>103) at a sin-
gle fluence. The raster-scan test allows
large areas (several cm2) to be sampled by
translating the optic in front of a station-
ary, 1-mm-diameter test beam. The scan
rate is chosen so that repetitive laser puls-
es overlap by a controlled amount, as
shown in Figure 2. The illumination pro-
cess is similar to that used for laser condi-
tioning of optical coatings or inspecting
laser glass for platinum inclusions.4

Our R:1 mapping station consists of a
commercial Nd:YAG laser and beam-
diagnostic system, a translation stage 
that allows rastering over the full aperture
of meter-class optics, and a damage-
diagnostic system. Figure 3 is a photo of
the LLNL 3ω raster test system, also
referred to as the large-aperture test (LAT)
system. The test beam has a Gaussian pro-
file, with a 1/e2 diameter at the sample
plane of 1 to 1.6 mm. The repetition rate is
10 Hz, and the pulse length is 6 to 8 ns.
The damage-diagnostic system, called the
Defect Mapping System (DMS), uses fiber-
optic light bars to internally illuminate 
an optic through the four edges.6 A full-
aperture scatter image of the optic is taken
using the DMS, megapixel, charge-coupled
device (CCD) camera both before and after

An individual R:1 threshold is deter-
mined by linearly ramping the fluence of a
pulsed laser (3 to 10 ns, 10 Hz) until dam-
age is detected at the illumination site.
Damage is indicated by a change in scatter
of a He–Ne laser beam from the surface
being tested. The fluence at which a scatter
threshold is exceeded is the damage
threshold for that site. R:1 mapping con-
sists of determining the R:1 damage
threshold of multiple (typically about 100)
sites using an Automated Damage Test
(ADT) station.3,4 The results of R:1 maps
are plotted as cumulative damage-
probability curves, as shown in Figure 1.
The damage-probability curve, or S curve,
is found from the ratio of the number of
sites that damage below a fluence F to the
total number of sites N. The 50% probabili-
ty threshold is the fluence at which 50% of
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pulsed, Gaussian laser
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raster-scan tests. The system detects
defects as small as 10 µm over the full 
40- × 40-cm optic. Because of blooming of
defects in the image, it is not possible to
resolve the size or features of individual
defect or damage sites directly from the
megapixel map. Instead, we use a long-
focal-length microscope to photograph
individual sites after they are located in
the DMS image. The resolution of the
micrographs is ~5 µm. 

Damage tests are performed by raster
scanning several regions of an optic at
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Diagnostic and
control computers

Translation stage
Test sample

Optical table

FIGURE 3. Photo of 3ω
LAT system for laser-
damage metrology.
(40-00-0499-0799pb01)

increasing fluences, and determining the
fraction of sites damaged at each fluence.
A typical test involves scanning seven
areas of 20 cm2 each at 3-ns-equivalent flu-
ences of 2, 4, 6, 8, 10, 12, and 14 J/cm2.
Figure 4 shows the post-test DMS map and
examples of damage-site microscopy for a
test of a Beamlet, fused-silica, focus lens
tested at five fluence levels. The step incre-
ment in the raster scan is specified as the
beam width at a given fraction of the peak
fluence. For example, a scan increment cor-
responding to the beam diameter at 90%

(a)
(b)

100 mm

100× optical
microscopy

800 µm

(d) (c) 98 postirradiation sites

4 J/cm2

6 J/cm2

8 J/cm2

10 J/cm2

12 J/cm2

Scan fluences

FIGURE 4. (a) DMS image of a fused-silica lens showing areas illuminated during a 3ω raster-scan test. Larger image of a single 2- × 10-cm
scan area (b) before and (c) after thresholding to count defect sites. (d) A long-working-distance microscope is used to document the size and
morphology of individual damage sites. (40-00-0499-0800pb01)
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FIGURE 5. Results of a 3ω raster scan for a prototype, NIF, fused-silica focus lens.
Data are from five scans at fluences of 6 to 14 J/cm2, each measured over a differ-
ent 20-cm2 area of the optic. Damage probability (%) represents raw data for
front-surface damage; defect concentration is after effective area correction. Error
bars are calculated as ±c/√N, where N is the number of damage sites detected in
the scan. Effective area correction is not constant because the raster-step increment
was increased for scans >8 J/cm2 to minimize interaction between damage sites.
(40-00-0499-0801pb01)

peak fluence would be ~0.2 mm. After
scanning areas at the specified fluences,
the DMS system is used to map and count
the number of damage sites created during
the test. Additional inspections with a
microscope are used to determine the loca-
tion of individual damage sites (front, rear,
or bulk). Damage probabilities at a given
fluence are determined by the number of
damage sites detected divided by the num-
ber of pulses in the raster scan.

Figure 5 shows an example of damage-
probability data obtained from scans of
five, 20-cm2 areas on a fused-silica lens.
This plot of damage probability is influ-
enced by the properties of the laser beam
and the chosen scan increment. Damage-
site concentrations, also shown in the plot,
are independent of beam parameters and
are calculated after determining the effec-
tive illumination area of the scan.

Analysis of Damage Data
Using Extreme Statistics

Laser-induced surface damage initiates
at extrinsic defects that strongly couple
with the laser. Qualitatively, this statement
is supported by the probabilistic nature of
observed damage thresholds and the
increased variance of observed thresholds
with decrease of the illuminated area. The
specific nature of responsible defects
depends on the type of material (e.g., laser
glass, fused silica, or KDP), polishing pro-
cedure, radiation wavelength, and other
variables. To estimate operational damage
probabilities for large optics from extrapo-
lation of experimental results on smaller
test areas, it is useful to apply a well-
founded phenomenological approach
involving a few empirical parameters.
Predicting the density of damage sites on
an optic is the first step in developing a
general laser-damage reliability model for
large optics.

Defect-initiated laser damage is a special
case of the general need to predict the reli-
ability of a system subject to failure at its
weakest points, a problem that has been of
great importance to industry.7 Specific
examples of the use of “extreme” statistics
concern the mechanical strength of optical
fibers8 and the electrical breakdown of
insulation on coaxial electrical cables.9 In
both cases, the need is to estimate the
behavior of very long cables from tests
conducted on much shorter lengths. 

For NIF optics, our objective is to 
characterize the concentration of damage-
inducing defects as a function of the 
fluence at which they cause damage. We
define P(S, F) as the probability that a 
surface area S exposed to radiation of
increasing fluence will damage at fluence
F. Following the methods of extreme
statistics, the measured damage probabili-
ty P (the S curve) is related to defect 
concentration c by

P(F) = 1 – exp[–c(F)S] , (1)



{N(F) = ln[–ln(1 – P)] versus lnF} for the ADT
damage test data in Figure 1. Overall, the
data fit the Weibull form quite well, with a
power (Weibull coefficient) m of 10 to 14. The
fit to the Weibull distribution model pro-
vides confidence that the data can be extrap-
olated to lower fluences, therefore providing
reliable estimates of damage statistics for
large areas at lower, NIF-relevant fluences. 

Influence of Damage-Test
Beam Shape and Size

In the formulation just described, S is
the illuminated area. To determine the con-
centration c, area S must be defined for
nonuniform beam profiles. This is particu-
larly important for the complicated irradi-
ance patterns involved in raster scanning.
Because damage incidence depends on the
peak fluence seen at a point, we define S
as the effective area of a flat beam with the
same maximum fluence.

We have shown by use of the Weibull
distribution that the damage probability for
high-quality samples typically depends on
a high power of the fluence, e.g., m = 12. If
the illuminating beam is Gaussian in
shape, for example, the effective source for
initiating damage depends on the mth
power of the Gaussian, which is much
more strongly peaked than the Gaussian
itself. Thus, an effectively smaller area is
illuminated at the peak fluence. In general,
we need to replace S c(F) in Eq. 1 by the
integral ∫c dxdy = c(F0)Seff, where F0 is 
the peak fluence, and Seff is an effective
illuminated area. For a Gaussian beam
with F = F0 exp[–(r/σ)2], the appropriate
area to use is Seff = πσ2/m. This effective
area, determined jointly by the beam shape
and the Weibull dependence of the data,
must be used to calculate an “intrinsic”
damaging defect density c(F0) characteris-
tic of a flat-top beam of fluence F0. 

Once an intrinsic damage density is
determined, the Weibull dependence
allows extrapolation to other fluence lev-
els. For example, consider our recent ADT
tests (7.5-ns pulse) of fused-silica polished
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where c(F) = ∫Fn(F′)dF′ is the cumulative
areal density of defects that cause damage
at a fluence less than F. In Eq. 1, the area
being tested appears in the exponent. As
the test area is increased, the probability of
damage increases exponentially. The area
scaling of damage probability given in Eq. 1
was demonstrated in a 1977 Arzamas study
of laser-glass damage thresholds.10 A simi-
lar demonstration for 3ω laser damage to
fused-silica optics is described in Ref. 11. 

Following the area dependence of Eq. 1,
the issue for large-aperture NIF optics is not
whether the optics will damage, but to what
extent they will damage. The damage vul-
nerability of material is thus best described
not by the damage probability derived from
a particular test, but rather by the damage
concentration c(F) that is characteristic of the
particular surface. To proceed further, we
must specify the damage distribution func-
tion c(F). In many practical applications, a
power-law dependence of c on the “stress”
factor (here, fluence F) has proven useful in
analyzing experimental data. This so-called
Weibull distribution function7–9,11 is of
widespread use. A variation of this model
was used in Ref. 10 to analyze the area
dependence of damage thresholds. We use
this Weibull distribution in our analysis
because it generally fits LLNL data. For
example, Figure 6 shows a Weibull plot

3ω, 7.5-ns
fused silica
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FIGURE 6. Weibull plot of cumulative damaging-
defect distribution functions found from data in
Figure 1. The Weibull exponent m ranges from 10 to
14 for these curves. (40-00-0499-0802pb01)



Such an analysis allows us to compare
different types of damage tests, including
the R:1 maps and LAT raster-scan tests used
to evaluate NIF optics. Figure 7 compares
the derived damage density for ADT and
LAT tests on several silica optics produced
using various polishing processes. Whereas
the damaging-defect densities found using
the two test methods cover a range span-
ning 6 orders of magnitude, the results of
the two types of tests are consistent.

Extrapolation to Large-
Area Optics

Using the procedure just described, we
can calculate the concentration of damage
sites within an area S of a flat-top beam of
fluence F. For the NIF laser, the practical
goal is to predict the damage concentration
on full-aperture optics resulting from illu-
mination with the actual NIF beam. As
with the small-beam tests, we must
account for the fluence distribution. For a
beam with normal (i.e., Gaussian) beam
statistics, as observed for the Beamlet laser
and shown in Figure 8, we can make an
analytic estimate of the effect of the fluence
distribution on damage density. If the
average fluence is F0, and the 1/e width of
the fluence distribution is σ, then 

P(F0) = 1 – exp[–S <c(F0)>] , (3)

surfaces. The beam 1/e2 radius was 1 mm,
so the effective area is about 0.1 mm2. The
experimentally determined cumulative
densities at 36 J/cm2 were found to be:

• c1(36 J/cm2 ) = 411 cm–2 with m = 17,
and 

• c2(36 J/cm2) = 376 cm–2 with m = 14,

where the subscripts refer to side 1 and
side 2. The NIF redline fluence for 7.5-ns
pulses is 23 J/cm2. At this fluence, the
damaging-defect density is expected to 
be given by c(36) (23/36)m, which gives 
c1 = 0.2 cm–2 and c2 = 0.7 cm–2. For a 
NIF-size optic of 1600-cm2 area, we thus
expect about 324 damage sites on side 1,
and 1,120 sites on side 2 at the maximum
fluence. The difference in damage-site
densities at 23 J/cm2 arises from the differ-
ent values of m. The low defect densities
reflect the high damage-resistance quality
of the sample. The extrapolated differences
for the large area emphasize the utility of
using the exponent m as a figure of merit,
all else being equal. In general, we can
characterize the curve by its slope and
value on a log–log plot. At lower opera-
tional fluences, very few damage sites
would be expected on a large optic made
using the same polishing process.

For the LAT raster scan using overlap-
ping beams, a more rigorous approach 
to calculating Seff is needed. We must 
evaluate ∫c dxdy = c(F0)Seff using c(F) =
c0Fm(x,y), where F(x,y) is the distribution
of peak fluence over the scanned area. By
evaluating this integral for a Gaussian
scanning beam, and choosing the scan step
so that the beams overlap at a fraction f of
the peak intensity, we find that 

Seff/Sscan = (π/4)[erf(arg)/arg]2 , (2) 

where arg = √[m ln(1/f)]. For example, by
using Eq. 2, the effective area of a 20-cm2

scan (where f = 0.5 and m = 7.7) is only 
3 cm2. We used this correction for effec-
tive area to convert the original damage
probabilities in Figure 5 to the corre-
sponding damage densities. 
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FIGURE 7. Damage densities derived for fused silica
from small-area (ADT) and large-area (LAT) tests are
consistent. (40-00-0499-0803pb01)



where

(4)

Here, P(F0) is the expected damage proba-
bility as a function of the mean fluence, 
P0 = 1 – exp[–S c(F0)] is the damage proba-
bility obtained for a perfect flat-top beam
at fluence F0, b = F0/σ, and m is the slope
of the Weibull curve.

This is a good approximation provided
that 

b = F0/σ >> m1/3 , (5)

that is, for a sufficiently small variance
(e.g., for m = 12, b should be greater than
2.5). Here, c(F) is the cumulative damage
density for the flat beam, and <c> refers to
the expectation value for the NIF beam.
This condition is satisfied for the distribu-
tion given in Figure 8. Equation 4 is
approximate. In the case where m does not
satisfy Eq. 5, P(F0) can be found by numer-
ical integration using the exact expression

(6)

where f(F) is the fluence distribution of the
large beam, and the cumulative defect
density c(F) is obtained from the Weibull
fit of the small-beam test data.

Note that the factor multiplying c(F0) in
Eq. 4 gives the increase in expected dam-
age density due to the fact that the illumi-
nating fluence is not fixed, but has a
distribution. This damage enhancement
factor (DEF) can be used as a figure of
merit in comparing the damage effects of
beams with structure or random fluctua-
tions. In the example case calculated
below, DEF = 1.30, i.e., the damage density
is expected to be 30% greater than that for
a flat beam at the same average fluence.

We tested the predictive capabilities of the
above model for the case of a fused-silica
lens damaged on the Beamlet laser during a
1.5-ns, frequency-tripling campaign. LAT test
results on the lens (at 7.5 ns) led to the front-
surface data shown in Figure 5, as well as
corresponding rear-surface data. Figure 9
shows the result of extrapolating the LAT
results to Beamlet conditions. To predict 
the performance of the lens during the 
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Conclusions
Some laser-induced damage of optical

components can be expected on the NIF. To
quantify the extent of damage, we have
developed testing procedures and data
analysis methods that can determine a 
fluence-dependent damage concentration
for a given optical surface. The damage con-
centration dependency can be convolved
with the beam profile to predict the damage
performance of optics on the NIF. We pre-
sent an example showing that our approach
is successful in predicting the damage den-
sity on a fused-silica focus lens used in a
full-aperture, Beamlet, frequency-tripling
campaign. Our methods provide the basis
for the qualification of NIF optics vendors,
and they will be used as metrology tools
during the production of NIF optics.

To calculate the damage-limited func-
tional lifetime of a NIF optic, additional
information is needed. Laser-damage
growth rates must be determined experi-
mentally as a function of laser pulse and
environmental parameters. Knowledge of
the expected shot program for the NIF
laser is also required. During the next year,
this additional information will be com-
bined with the damage concentration anal-
ysis presented here to produce a practical
tool for estimating intrinsic damage life-
times of NIF optics. Additional studies
will identify modifications that are needed
to the model to account for system-related
effects not characterized in the off-line
tests presented in this report. 
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frequency-tripling campaign, the LAT data
needed to be scaled for pulse length differ-
ences and to account for the Beamlet beam
profile. Fluence levels were corrected for
pulse length using standard √τ scaling. The
fluence distribution correction to the effec-
tive defect concentrations was calculated
using Eq. 4 with F0/σ = 6.7 (from the
Beamlet distribution shown in Figure 8) and
m = 7.7 obtained from the Weibull analysis
leading to Figure 5. On the same plot, we
show the observed damage density on the
lens following a 38-shot, frequency-tripling
campaign on Beamlet. The expected and
observed densities agree quite well. The
expected damage curve assumes that the
beam profile is the same from shot to shot.
However, we know that this is not true. If
intensity fluctuations (hot spots) move
around completely randomly from shot to
shot, the expected damage density would
increase by another factor of about 2, still in
good agreement with the Beamlet data. 

Once damage is initiated, the growth 
of damage sites with subsequent pulses ulti-
mately determines the functional lifetime of
the optic. Our understanding of damage-
growth-rate issues is not developed to the
same level as that for damage density. We
have, however, shown that the growth rates
of laser damage depend on the optical mate-
rial, illumination fluence, and location of the
damage. For example, the growth rate of
laser damage in fused-silica optics increases
nearly linearly with fluence.12 The growth
rate is approximately 10 times higher for
rear-surface damage than for damage initiat-
ed either in the bulk or at the front sur-
face.12,13 For KDP, however, damage in the
bulk does not grow, whereas rear-surface
damage can grow at rates faster than that for
fused-silica rear surfaces.14 We are develop-
ing an experimental plan to study the
growth of damage sites on fused-silica and
KDP surfaces using a 1-cm-square, 3ω beam. 
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The NIF target chamber beam dumps
must survive significant x-ray, laser,

ion, and shrapnel exposures without gener-
ating excessive vapors or particulate; such
contamination of the final optics debris
shields would make them susceptible to
subsequent laser damage. The most impor-
tant criterion for demonstrating the accept-
ability of NIF first-wall materials is the
contamination rate of the final optics by tar-
get and ablation debris. The rate of debris-
shield contamination must be consistent
with the refurbishment resources of the
NIF. Specifically, current plans are to
retrieve, clean, and recoat the debris shields
weekly, but refinish them only after six
months. Sparse data suggest a limit for
repetitive, dispersed metallic and refractory
contamination—i.e., thin films and particles
less than 1 µm (dust and microsplats)—of
about 1 µg/cm2 to allow a debris shield to
last one week at NIF fluences without
excessive damage growth. For an average
density of 10 g/cm3, this corresponds to
only 1 nm of contamination. Because the
debris shields sit ~7 m from the target
chamber center, the maximum amount of
mobile contamination per laser shot is
about 6 g. (Mobile contamination is direct
and remobilized target debris plus material
ablated from the chamber wall and its vari-
ous protrusions, as shown in Figure 1.) 
This is equivalent to a 1-nm thickness 
over a 7-m sphere, even though the target

chamber itself has a radius of only 5 m. Due
to concerns about whether a 1-µg/cm2 con-
tamination limit is truly acceptable, a 3-g
mobile contamination/shot budget has
been adopted (as described in the section
Establishing a Contamination Budget).

This limit is challenging indeed. The 
x-ray fluences in the target chamber will
routinely be in the vicinity of 1 J/cm2 on
the chamber wall, with eventual exposures
up to ~2 J/cm2 once ignition shots with
yields of 10 to 20 MJ are attained.1 Those
fluences ablate 0.1 to 1.0 µm of Al each
shot, which is enough to turn the debris
shields into mirrors after a single shot. We
earlier described x-ray experiments lead-
ing to the conclusion that B4C was the best
material for limiting ablation of the first
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lized debris from the first wall. (40-00-0199-0182pb01)



steel, with and without a thin cover of
transparent fluorinated ethylene propy-
lene (FEP) Teflon. While the FEP proved to
have a high enough laser damage thresh-
old and was an effective capture agent for
dust generated within the beam dump, it
had the disadvantage of substantial x-ray
ablation at NIF fluences. Fortunately, the
amount of laser ablation of stainless steel
was low enough that the escaping contam-
ination could be reduced to acceptable lev-
els by the same louver design used for the
remainder of the first wall. This common-
ality of design also had the advantage of
removing any beam-steering limitations,
except those related to sending light into
the opposing beamline.

In this article, we discuss acceptable
optics contamination rates, feasibility of a
SS louver first wall, demonstration of a
viable beam dump, establishing a contami-
nation budget, and reducing the shrapnel
threat. We finish with a summary of our
conclusions. Both the amount of transmit-
tance loss and the reduction of the damage
threshold suggest a limit of 1-nm equiva-
lent thickness of metal film and fine dust
from targets and ablated target chamber
components. It is impractical to clean the
interior of the target chamber often
enough to prevent reablated target debris
from the chamber wall from exceeding this
limit, so we have adopted a self-cleaning
louver design for both the first wall and
beam dumps. A “dogleg” louver configu-
ration captures about 90% of the ablated
material, leading to an asymptotic limit 
of reablation that is consistent with the 
1-nm limit.

Acceptable Optics
Contamination Rates

The target chamber material and geo-
metric design depend critically on the
maximum acceptable rate of contamina-
tion of the debris shields. The NIF concep-
tual design set the maximum acceptable
contamination rate of the debris shields at
1 nm or less average per shot based on 1%
absorption for metal thicknesses of 0.2 to
0.5 nm. A simple absorption–thermal-
diffusion calculation indicates that the sur-
face of the silica is heated to ~2600oC for

wall, as it provided the lowest ablation for
a readily available commercial material.2

Even so, about 1 to 5 nm of material
would be ablated over this fluence range.
Laser damage experiments suggested that
the final optics could tolerate 5 to 10 high-
fluence shots at the resulting B4C contami-
nation level before substantial surface
damage occurred. However, x-ray ablation
of the first-wall material is only one source
of optics contamination. In addition, there
are ablation of beam dump material by 
x rays and unconverted light, ablation of
material from the target positioner and
diagnostics, and reablation of target mate-
rial deposited on the first wall.

It was recognized early that buildup
and reablation of target debris would
eventually defeat even the best first-wall
material.3 Evaluation of periodic robotic
CO2 pellet cleaning concluded that it was
neither practical nor effective. Instead, the
relative simplicity, cheapness, and effec-
tiveness of exochamber bead blasting
made it an attractive alternative. However,
the panels would have to be removed
from the chamber for this cleaning, and
time limitations implied a cleaning fre-
quency of no more than once every two
months. Consequently, we explored
whether passive cleaning of target contam-
ination by capture on the rear of a lou-
vered first wall could reduce or eliminate
the need for active cleaning. Reevaluation
of the neutron activation issues surround-
ing the use of steel in the target chamber
concluded that a Ni-free stainless steel
would not be significantly worse in terms
of occupational radiation exposure, so the
ablation characteristics of stainless steel
(SS) alloy 409 were evaluated, as well. The
combined result of these various efforts
was that reablation of target debris from
the first wall, not the first wall itself, was
the limiting factor of optics contamination,
and that an inexpensive SS louvered first
wall would be acceptable, at least for the
initial years of NIF operation.

Concurrent evaluation of beam-dump
materials and geometries concluded that
no absorbing glass design, the method
currently used on Nova, could satisfy both
x-ray and unconverted-light ablation crite-
ria. Alternative designs were considered,
including louvers of B4C and stainless
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1% absorption at 5 J/cm2. However, the
amount of absorption depends on the form
of the deposits, i.e., whether they are truly
thin films or fine particulate. Previous
papers3,4 reported that thin films of B4C
were more efficient at reducing the dam-
age threshold of bare silica optics than
equivalent masses of 1-µm-diam dust, pre-
sumably because of the more effective
energy absorption. In addition, laser puls-
es seemed effective at partially removing
the dust particles prior to the onset of sub-
stantial damage. 

More recently, we found that contamina-
tion levels greater than 1-nm equivalent
thickness of metal film and fine metal target
debris are unacceptable with respect to both
optical transmittance and laser-damage
threshold criteria. The optical transmittance
of several thin films made by sputtering are
shown in Figure 2. Thicknesses for Cu and
Au were confirmed by x-ray fluorescence.
Immediately obvious is that 1 nm of B4C
and Al absorb little 3ω light, but corre-
sponding thicknesses of Cu and Au are
quite absorbing. Unfortunately, the exact
relationship between absorbance and thick-
ness is not straightforward, in part because
of film oxidation. For example, the native
oxide layer of Al is ~3 nm at atmospheric
pressure, but it is not known whether the
film will oxidize significantly at target
chamber vacuum conditions between shots.

Similarly, there is little difference between
absorbance for the two Cu thicknesses, pos-
sibly because of oxidation. As a result, there
is only a limited correspondence between
the measured and calculated transmittance
assuming the standard Fresnel equations.

The relationship between functional
damage and metal thickness is also compli-
cated and poorly understood. The apparent
damage threshold of the silica becomes
more constant, albeit lower, over the part as
the effect of the uniform contamination
replaces the statistical variation in damage
resistance typical of polished silica. For
example, when 5 nm of Cu is deposited on
the surface of two types of silica polished
with different processes and having average
3-ns 3ω ramped (R/1) damage thresholds of
12 and 16 J/cm2, respectively, both damage
thresholds are reduced to about 6 J/cm2.
The nature of the damage also changes,
with the silica becoming less prone to 
brittle-crack propagation, more prone to
surface waviness, and either more or less
prone to submicron pitting, depending on
the contaminant.

Some samples were contaminated in the
Nova target chamber as a part of the effort
to determine the effect of SS beam dumps
on debris-shield lifetime. The resulting
contamination was a combination of thin
film and particulates of Al, Fe, Cu, and Au,
the latter from targets, depending on the
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contaminating the optics at an unaccept-
able rate. As a result, we started active
consideration of a louvered first wall. The
basic concept is that most of the reablated
target material is captured on the back of
the louver and is shielded from subse-
quent reablation. Consequently, the cham-
ber becomes self-cleaning, at least with
respect to metal films.

While it is conceivable, albeit expensive,
to fabricate a louvered B4C first wall, a
combination of three factors—the project-
ed difficulty and expense, the durability of
SS fixtures in the Nova chamber, and the
possibility that target debris would quick-
ly make the underlying first-wall substrate
material irrelevantprompted us to reex-
amine the feasibility of using SS as the first
wall. This option had been rejected a few
years earlier because of perceived prob-
lems with neutron activation.

A reconsideration of neutron activation
and disposal issues concluded that neither
was a significant problem for the SS mass
required to fabricate thin louvers. A plot of
in-chamber dose rates as a function of
cooldown time from various sources after
10 y of 1200-MJ/y operation is given in
Figure 3. The dominant contribution for
the first five days is the Al vacuum cham-
ber itself. No personnel access would be
allowed during this time regardless of the
composition of the first wall. After that
time, a 316 SS first wall would become the

location in the chamber. The latter three
were quantified by x-ray fluorescence. 
For the lowest contamination level, about
0.08 µg/cm2 (or 0.8 nm) of Fe, Cu, and 
Au and 0.7% transmittance loss, the aver-
age 3-ns 3ω ramped (R/1) damage thresh-
old was reduced from 15 to 11 J/cm2. No
work has yet been done on repetitive 
contamination for repeated high-fluence
exposure, which is the real situation for
the NIF, in order to establish a good esti-
mate of the lifetime of debris shields. 
Even so, results to date indicate that the
provisional 1 nm is likely an upper limit
for NIF-like conditions.

Feasibility of a SS Louver
First Wall

The required cleaning frequency of a
flat first wall depends critically on the rate
of remobilization of target debris from the
wall by x rays of subsequent shots. As 
a part of evaluating this issue for a flat
first wall of B4C, an experiment was per-
formed in which the ablated material
from a slanted piece of B4C was collected
on a facing box with a thin slit. Analysis
of the amounts and distribution of target
debris in terms of a simple reablation
model concluded that cleaning at least
once per month would be required to pre-
vent the remobilized target debris from
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major exposure source, but further analysis
found that 90% of the problem is due to
activation of Ni. Nominally Ni-free alloys
are available, with Ni levels less than 
0.5 wt%.5 A similar analysis with 409 SS,
including the 0.75 wt% of Ti required for
welding compatibility, reveals that the
long-term radiation dose is only twice that
from the Al chamber itself. However, this
potential increased exposure would be
largely eliminated by the reduced need for
cleaning activated first-wall louvers com-
pared to a flat B4C/Al first wall. Also, the
409 SS first wall contributes negligibly for
external doses during final optics mainte-
nance. Finally, the decommissioning dose
rate for SS first-wall panels is negligibly
higher than for B4C/Al panels, and waste
disposal ratings (>10–8) are small enough
to qualify as low-level radioactive waste. 

Given that neutron activation is not a
significant problem, two experiments were
conducted to assess the ablation of 409 SS
and overlying contaminants. The first
experiment exposed polished coupons to 
1 to 4 shots of varying fluence at normal
incidence using the same technique as
Anderson et al.,2 and a second experiment
compared the ablated material collected on
Ti witness foils parallel to adjacent 409 SS
and B4C louvers.

The ablation per shot vs fluence is
shown in Figure 4 for 409 SS, B4C, Al, and

SiO2. As for other metals, the induced
roughness due to surface melting of the SS
was far greater than the removal thickness,
but a 2D scan of the surface by a Wyko
white-light interferometer gave a removal
depth with an estimated error of less than
a factor of two. The ablated thickness of SS
is far less than for Al, comparable to that
of SiO2, and approximately 10 times
greater than that of B4C. Given the possi-
bility of a 90% capture efficiency for SS
louvers,6 the amount of SS potentially
escaping into the target chamber and
potentially contaminating optics is not
much worse than for flat B4C panels.

The relative advantage of B4C decreased
even more based on the results of the 
adjacent louver experiment (see Figure 5).7

The ablation rates of Fe, Cu, and Au calcu-
lated from the amounts collected on the 
Ti foils are given in Table 1. The amount 
of Fe collected during the first week is con-
sistent with that expected from the data 
in Figure 4. In subsequent weeks, the Fe
ablation drops substantially. By the third
week, there is little difference between 
the amount of Fe from the B4C or SS. A
more detailed analysis indicates that the
fraction of target debris remobilized per
shot increases from 0.03 for B4C to 0.06 for
SS. Initially, therefore, B4C does have an
advantage. However, further analysis
shows that the advantage diminishes with
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Figure 4. This means that any absorbing
glass concept would need to either shield
the absorbing glass from the x rays or 
capture most of the ablatant. While fused
silica and borosilicate glasses had accept-
able x-ray ablation rates, they were prone
to potentially catastrophic damage from
target shrapnel. A polymeric candidate,
FEP, would be immune to catastrophic
shrapnel damage, but it ablated approxi-
mately 1 µm of material at these fluences.
Most of the FEP ablatant would be
pumped out of the chamber as a gas, 
but the effects of small amounts of HF and
condensable products raise concerns.
Exposure of candidate materials to 100 to
500 shots of 1-µm light at various fluences
found that sandblasted absorbing glasses
performed well for 14-ns fluences below
15 J/cm2, but a significant fraction of the
NIF beam dump will receive fluences
greater than 20 J/cm2 due to overlapping
diffraction orders and beam modulation.
In this higher fluence range, all glasses,
including sandblasted fused silica, became
prone to significant ablation and potential-
ly catastrophic cracking. Although both
B4C and SS ablate more material at low
fluences, they perform significantly better
than the other materials at higher fluences,
as shown in Figure 6. 

A summary of the contamination mass-
es generated from the various materials is
given in Table 2 for 1.8 MJ of blue light on
target producing 1 J/cm2 of x rays. The
amount of material produced from laser
ablation was calculated by multiplying the
relationship of ablation to fluence by the

time as the target debris builds up on B4C,
and the ratio of total contamination rates
for B4C and SS first wall increases to 
0.9 after 90 shots, or 5 weeks on the NIF,
for equivalent louver geometries.

Demonstration of a
Viable Beam Dump

Finding a viable concept for absorbing
unconverted light in the NIF target cham-
ber is complicated by concurrent exposure
to x rays and target shrapnel. Concepts
investigated included absorbing glass,
absorbing glass covered by silica or
borosilicate glass, B4C or SS covered with
FEP film, and louvers of various materials
with and without covers. Absorbing glass-
es were chosen from inexpensive commer-
cial products to have a 1-µm optical
absorbance between 1.5 and 4 cm–1 in
order to limit the surface temperature rise
to less than 100°C at 60 J/cm2 and thereby
limit thermal stress cracking. In the end,
no concept could compete with the cost,
contamination rate, and durability of effi-
cient SS louvers essentially identical to
those used for the remainder of the cham-
ber first wall.

X-ray exposure tests in the Nova target
chamber found that all absorbing glasses
underwent severe thermal surface crazing
for exposures of about 1 J/cm2 due to a
combination of the high surface tempera-
tures and high thermal-expansion coeffi-
cients. This resulted at best in slightly
more mass ablation than SS, as shown in
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TABLE 1. Deposition rates of target materials on witness foils used in the 
comparative louver reablation-capture experiment.

Shots Cu Au Fe Cu Au Fe

Week 1 12 0.037 0.023 0.022 0.046 0.029 0.769

Week 2 3 0.084 0.027 0.034 0.134 0.052 0.087

Week 3 14 0.095 0.029 0.047 0.089 0.030 0.045

Week 4 11 0.054 0.029 0.009 0.080 0.043 0.015

Deposition rates on Ti foil
opposite B4C (µg/cm2/shot)

Deposition rates on Ti foil
opposite SS409 (µg/cm2/shot)



calculated areal fluence distribution in a
NIF beam dump. All materials produce
about the same amount of material before
capture considerations. SS produces the
most ablatant from x rays, but its ability to
be formed into complex louvers makes
nearby capture much easier. Considering a
capture efficiency of 90% for SS and 50%
for the other materials, one finds that B4C
and SS produce the least amount of con-
tamination in the target chamber. Given
that SS would be far cheaper to install and
last longer, it is clearly the best option.

The SS louver concept was tested at
half-NIF scale in both the two-beam and
ten-beam Nova chambers. The two-beam
chamber tests used 8- to 10-ns Gaussian
pulses of infrared light with an average
fluence up to 15 J/cm2 and modulated 
fluences over small areas of 45–60 J/cm2.
The SS louvers were at 45o and were cov-
ered with a fresh film of FEP before each
shot. The amount of SS captured on the
FEP was consistent with that calculated
from the laser ablation experiments and a
60% geometric louver capture efficiency.
The second test of the prototype NIF beam
dump was performed on Nova, receiving
about 200 NIF-equivalent fluence shots
over a period of three months. It showed
only the normal expected wear. Witness
coupons were analyzed to determine 
performance. Coupons in six-inch-
manipulator tubes before and during 
the beam dump test showed no increase in
Fe relative to that from targets and diag-
nostics. Fe collected just outside the beam
footprint on the sides of the louvers 
was about 100 times less than would be
ablated from a flat piece of SS due to a
combination of louver efficiency and 
being outside the area of normal ablation.
Witness coupons on the collecting side 
of the louver collected Fe in amounts
expected. 
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TABLE 2. Mass-generation terms predicted for NIF beam dumps using the test 
materials and no louvers for 1.8-MJ blue light focused on target and 0.1-J/cm2

x-ray fluence. (KPP and CPP refer to kinoform and continuous phase plates, 
respectively.)

Mass generation terms Target chamber
Laser ablation X-ray Shrapnel contamination rate

with KPP with CPP
Material g/shot g/shot g/shot g/shot g/shot

B4C 1.4 1.4 0.2 ~0 0.8 

SSa 1.0 1.0 10.0 ~0 1.1

AzurliteTM 0.6 0.5 ~11 1 6.8

Borosilicate 0.8c 0.6c 2.2 1 2.5

Fused silicab 2.2c 1.6c 1.1 1 2.7

a Louvers can capture ~90% of the SS, ~50% of the B4C and glass ablation.
b Fused silica is limited to a few hundred shots.
c Glass numbers are highly variable.
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these sources’ portion of the budget has
been established at 0.3 g. 

Because the material ablated from the
first wall by 200-eV x rays is almost com-
pletely remobilized target debris rather
than substrate material for fluences of 
~1 J/cm2, and because the asymptotic
limit of the direct-plus-remobilized target
debris is 2.1 times the direct contribution
for louvers with 90% capture efficiency, a
target mass of 1 g would imply a total 
contamination source of 2.1 g/shot.
Adding this to the other sources gives 
a total mobile contamination of 2.5 g, 
less than the 3-g total budget.

There are two cautions concerning this
analysis. First, it would imply that the
mobile contamination would approach 
0.4 g for infinitesimal targets. In fact, 
the ablation of the SS itself provides a
lower limit of 0.5 nm for a Lambertian 
distribution of x rays having a maximum
of 1 J/cm2 at the target chamber poles,
taking credit for a 90% louver capture effi-
ciency. This corresponds to 1.1 g of abla-
tant from the chamber wall (give or take a
factor of 1.5 depending on the assumed
form for the ablation below 1 J/cm2).
Second, as the fluence increases, the x-ray
ablation increases as well, producing a
higher contamination rate. The true con-
tamination rate is complicated by the fact
that these higher fluences caused by igni-
tion will also include higher-temperature 
x rays, primarily in the 350-eV range.1 A
full discussion of this issue is beyond this
article, but as x-ray energy increases, the
relative advantage of B4C increases.
Consequently, retrofit to B4C louvers may
be required when ignition is attained.
Monitoring using Ti sample coupons on
the backs of selected louvers will provide
historical data on debris and substrate
mobilization rates and collection efficiency,
which will allow early detection of con-
tamination trends that would warrant a
first-wall retrofit.

Finally, the acceptability of a 1-nm-
per-shot contamination rate has yet to be
demonstrated. Unfortunately, it is extremely
difficult to select materials and cleaning pro-
cedures that can achieve lower contamina-
tion rates with an unprotected debris shield.
Several ideas are being considered to reduce
the contamination rate. First, a beam tube

Establishing a Budget 
for Contamination

Using the provisional 1-nm-per-shot limit
for debris-shield contamination, a budget for
contamination sources has been established.
The source estimations can only be qualita-
tive, as details of the targets are still un-
known. At the chamber wall, 3 g of metal
with an average density of 10 g/cm2, if
evenly dispersed, would form an average
deposition thickness of 1 nm. However, the
debris shields are recessed from the first wall
in the final optics assembly (FOA) to a dis-
tance of 7.3 m. If the material entering the
FOA were deposited according to a 1/r2 law,
as much as 6 g could be tolerated. However,
given the concerns about whether the 1-nm
limit is truly acceptable, a 3-g/shot mobile
contamination budget has been adopted.

Additional sources of contamination
exist besides the direct and remobilized
target debris. These sources include uncon-
verted-light beam dumps and ablation
from the target positioner and diagnostic
snouts. The laser targets themselves will be
irradiated with frequency-tripled light, and
the 40% of the total energy remaining as
unconverted light must be absorbed either
on target shields or on the far wall of the
chamber. The former contamination source
is considered part of the target, but the
contribution from the wall is calculated
assuming no credit for the shields. 

One of the advantages of a louvered SS
first wall is that it also serves as an excel-
lent beam dump. Experimental analysis of
absorbing glass and B4C beam dumps
showed that SS generated the least amount
of contamination of any option considered,
as well as being the least expensive.8

Convolving the expected fluence distribu-
tion with the ablation vs fluence function
gave a total ablation of 1 g of SS. Because
the planned louvers are calculated to have
a 90% capture efficiency,7 only 0.1 g of this
contribution need be considered.

The current design for the target posi-
tioner shield uses a disk of B4C covering a
crushable Al foam. Because of the relative-
ly small area of this shield, only 0.1 to 0.2 g
of ablation is expected. Comparable
amounts of ablation are expected from 
protruding diagnostics. Consequently,
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extending partially into the target chamber
would reduce the viewfactor of the debris
shield to contamination coming from the tar-
get chamber wall. This option will likely be
installed on at least some beam ports during
the early stages of the NIF to determine its
effectiveness. A supplemental pulsed-gas
purge though this tube may also be helpful
at preventing slow-moving debris from
reaching the debris shield. Alternatively, a
thin, disposable debris shield of either glass
or polymer could prevent all but the larger
shrapnel from reaching the debris shield,9

but no material yet exists with adequate
optical uniformity and x-ray ablation charac-
teristics. Finally, some type of electrical or
magnetic capture device may reduce the par-
ticulates reaching the debris shield.

Reducing the Shrapnel
Threat

An earlier paper10 presented the possibil-
ity that major damage to the first wall and
final optics could come from shrapnel gen-
erated from unconverted-light shine shields
and from SS tubes transporting liquid He
for cooling cryogenic targets. In fact, there
is very little that can be done to protect final
optics from shrapnel greater than 30 µm or
so. Such particles will easily penetrate a
thin polymeric film and reach the debris
shield. Instead, target designers must adopt
a strategy of minimizing the amount of
shrapnel generated and directing what is
formed to the waist of the target chamber.

Figure 7 shows a cryogenic hohlraum
design that substitutes conductive sap-
phire for He-filled SS for cooling.11 The
distribution of damage on the target cham-
ber interior is shown in Figure 8. Most of
the shrapnel damage occurs near the target
chamber waist, indicating that this particu-
lar design is much more compatible with
the NIF facility limitations. While this is
not a final target design, it demonstrates
what can be accomplished with an eye
towards minimizing facility damage.

NIF will likely field a limited number of
experiments that have large near-target
surface areas with the potential to generate
unacceptable debris ablation and shrapnel
generation. Cryogenic frost and other
materials have been explored to protect

such large near-target surfaces, using
geometries similar to a minichamber to
surround the target.12
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FIGURE 8. Areal distribution of the relative shrapnel
damage on the first wall calculated from a 20-MJ
hohlraum ignition shot. (40-00-0199-0189pb01)
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hohlraum design for the NIF used in shrapnel-
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Conclusions
Realistic projections of the amount of

remobilized target debris for NIF condi-
tions suggest that active target-debris
cleaning cannot be conducted often
enough to prevent an unacceptably large
contamination rate of the final optics
debris shields. As a result, a louvered first
wall with passive cleaning capability is
necessary. The louvered design chosen for
the NIF is a “dogleg” configuration with
an estimated capture efficiency of 90% for
ablated material. 

A secondary benefit of the passive
cleaning approach is that the ablation
resistance of the first wall material is less
critical. Although SS ablates about 10
times as much as B4C under NIF condi-
tions, the ease of manufacturing highly
efficient louvers largely eliminates the
advantage of the B4C. Furthermore, after a
few tens of shots, the first-wall ablation is
dominated by remobilization of target
debris from earlier shots rather than mobi-
lization of the substrate, making the
underlying material less important.

Even with the NIF louver design, the
contamination rate of the debris shield
may exceed the acceptable limit, which is
tentatively set at 1 nm/shot of absorbing
film. As a result, supplemental methods
may be required to reduce or eliminate the
transport of remobilized target debris to
the debris shield. None of these methods,
however, can stop high-velocity shrapnel
from the target, so targets must be
designed to vaporize nearly completely
and so that any nonvaporized material
turned into shrapnel is directed towards
the target chamber waist.
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A-1

Nova Operations performed 288
experiments, which exceeded our

goal for the quarter. These experiments
supported efforts in ICF, Defense Sciences,
university collaborations, Laser Science,
and Nova facility maintenance. 

The two largest experiments involved the
Petawatt and the cryogenic target (equation-
of-state) projects. Both made significant
progress, benefiting from the efficiency
gained by performing the two experiments
at the same time. With the exception of cryo-
genic gasbag experiments, the cryogenic tar-
get experiments did not use the beamline,
which is required for Petawatt experiments.
This allowed each experiment to be pre-
pared virtually independent of the other.

The process of planning the decom-
missioning of the Nova facility contin-
ued. Next quarter will be the last 
quarter in which Nova will operate. The
disposition of most of the major Nova
components was determined in February
by a committee organized by the
Department of Energy. Requesters will
receive responses during the next quar-
ter. Although the initial deadline for 
submitting requests for Nova compo-
nents has passed, some Nova compo-
nents remain available. Details for
requesting components are available in
an ad dated December 22, 1998, in the 
on-line archives of the Commerce Business
Daily. 
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B-1

The second quarter 1999 was another
productive quarter on the NIF site as

the total Conventional Facilities work com-
pleted approached 56%. With the comple-
tion of Phase I work by Nielsen Dillingham
Builders, CSP-4, in December, the coordina-
tion between prime subcontractors on site
has been reduced significantly. Overhead
and underground work in Laser Bay 1 con-
tinued to make good progress throughout
the quarter. The lag between Laser Bay 2
and Laser Bay 1 remains approximately six
weeks. Overhead drywall work in Laser
Bay 2 is nearly complete, and ceiling finish
installation has begun. Removal of the
overhead work platform in Laser Bay 2
started in March, and approximately 25%
of it was removed by the end of the month.

The current schedule date for installation
of the Laser Bay 2 mat slab is mid-May
which will facilitate the commencement of
concrete pedestal construction in June 1999.
Concrete placement in the Target Bay
(Figure 1) stayed on schedule, because
embed and rebar conflicts were resolved.
Preparation for installation of the Target
Chamber sphere is on schedule, and it is 
to be placed in the Target Bay in early 
June. Switchyard 2 concrete has been accel-
erated and will be completed in early
April. The Optics Assembly Building is on
schedule. Installation of air handlers and
recirculating fans was completed, and
hook-up is nearly finished. The installation
of the clean room wall system is currently
under way.
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FIGURE 1. Target bay
cylinder wall lift 3. 
(40-60-0199-0013#12A)
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Title III engineering is proceeding for
laser systems. Several key procurements
were placed during the past quarter,
including the amplifier frame assembly
units and capacitor charging power sup-
plies. Requests for Proposals were issued
for several others, including the amplifier
flashlamps and blast shield glass. The opti-
cal pulse generation integrated test plan-
ning is well under way, and occupancy of
the Laser Building is expected next month.
Planning for an integrated amplifier, power
conditioning, and transport and handling
test began in the second quarter 1999 with
the goal of resolving interface, reliability,
and contamination issues prior to entering
the Laser and Target Area Building.

During this quarter, the strategy for
installing the Laser Bay and switchyard
structures (see Figure 2), utilities, and beam
enclosures, with the exception of the main
vessels, has been developed. The strategy is
to package the work into two construction
packages and have contractors do the work.
The utilities will be in CSP-14, and the beam
enclosures and support structures in CSP-16.

The computer control system continues
to make good progress with front-end 
processors scheduled for the “Penlight”
release, due in April 1999. An unanticipated
problem in the framework that implements
graphical user interfaces was fixed by a
tiger team effort. However, the design
change will delay three supervisor portions
of Penlight until June 1999, which also 

corresponds to the earliest that hardware
will become available in the preamplifier
integration lab. The final design review for
the facility timing system was satisfactorily
held at the vendor, Timing Solutions
Corporation, in February 1999. The first
prototype of the companion delay genera-
tor was delivered for initial testing from a
second vendor, Highland Technology. 

During this quarter, the strategy for
installing the Target Area structures, utilities,
and beam enclosures, with the exception of
the Target Chamber, has been developed. The
strategy is to package the work into one con-
struction package, CSP-15, and have a fixed-
price contractor do the work. The design
efforts have been stepped up to be able to fin-
ish the construction bid package in time to
have the contract in place when needed.

Pitt Des Moine’s subcontractor ATTM
Corp. completed the layout of the target
chamber ports and first wall mounting
brackets (see Figure 3). Some slight interfer-
ences between the first wall mounts and the
holes were noted, and some slight correc-
tions to the mount locations were made.
ATTM also set a target ball at the best-fit
center of the chamber to be used for locat-
ing the pilot holes and the bored holes. 
The NIF survey group verified the location
of some of the initial setups for boring 
pilot holes as well as the location on the
outside of the chamber of some of the holes.
Excellent agreement (less than 0.1 mm) was
achieved. Boring of the holes in the target

FIGURE 2. Target bay
and switchyard. 
(40-60-0399-0633#18)
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chamber started in February 1999. By the
end of March, In Place Machining complet-
ed 149 of the 189 holes.

In Optics, facilitization is complete at
Hoya, Schott, Cleveland Crystals, Inc.
(CCI), Corning, and Zygo, with only a 
few remaining items to be completed 
at Spectra-Physics and the University 
of Rochester/ Laboratory for Laser
Energetics. Production of NIF optics is
under way with the award of the contract
for NIF fused silica blanks and contracts
for BK7 mirror and polarizer blanks.

Optics production is well under way for
the optical material vendors. Initial con-
tracts are in place for laser glass produc-
tion to buy long lead items and batch
materials. Contracts for amplifier cladding
glass are ready to award for the first Schott
campaign in April. The Lens/Windows
blank pilot is nearly complete at Corning,
and the first production blanks have
shipped. CCI has been awarded a produc-
tion contract for the DKDP triplers. The
mirror and polarizer blank pilots are com-
plete, and initial production quantities
have started to ship. 

Key Assurance activities to support the
Project are all on schedule, including con-
struction safety support, litigation support
to the DOE for the settlement of 60(b) 
(e.g., quarterly reports), and the Final
Safety Analysis Report.

The Congressional mandated
Independent Project Assessment (IPA) was
completed by Lockwood-Greene with a
final report issued in March 1999.

At the end of FY98 there were 10 of 95
DOE/OAK Performance Measurement
Milestones remaining to be completed,
and by the end of the first quarter 1999,
nine were completed. The only remaining
FY98 milestone is the “Cooling Towers
Operational,” which will be accomplished
in April 1999.

The FY99 DOE/OAK Performance
Measurement Milestone plan includes 124
milestones. Through March 1999, 43 mile-
stones were due, with 32 due in the second
quarter 1999. A total of 36 have been com-
pleted, 29 during the second quarter 1999,
including 7 early completions.

NIF UPDATE
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